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ABSTRACT 
 
 
Feedlot operations over the years have increased revenue and boosted economies of states 
and countries, but these operations have resulted in elevated concentrations of nutrients in 
soils, surface water, and groundwater. Feedlot operations generate large quantities of 
manure and other waste, which when not managed properly can result in environmental 
problems.  
 
It is hypothesized that nitrogen can cause a short-term contamination of soils and 
groundwater beneath abandoned feedlots, but phosphorus can cause both short- and long-
term contamination, especially in well-drained carbonate and iron-rich soils associated 
with Concentrated Animal Feeding Operations. It is also hypothesized that a spectral 
vegetation index can be used as an effective indicator of plant-available soil nutrients and 
optimum soil conditions for precise decision-making in fertilizer application. To test 
these hypotheses, analysis of soils, graminoid tissues, aerial spectral images, surface 
water, and groundwater samples from a former feedlot in northwest Minnesota were used 
to quantify the phosphorus budget, characterize nutrients movement and plant vigor, and 
determine the fate of nutrients.  
 
 xxiii 
 
Soil analysis revealed elevated concentrations of sequestered phosphorus at the confined 
animal holding areas, in contrast to varying concentrations of nitrate in the wetlands. 
Groundwater analysis indicated a steady decline in nitrate concentration due to 
denitrification, leaching, and plant uptake, with sequestered phosphorus released in 
soluble form due to reduction conditions. These nutrients are transported into the 
wetlands for consumption by plants and microbes. Although there was no relationship 
observed between spectral vegetation indices and plant tissue nutrients, the indices 
correlated with soil-available nutrient and soil properties. Modified soil-adjusted 
vegetation index (MSAVI) was the best index for characterizing plant vigor and soil 
relationships due to its reduced sensitivity to atmospheric conditions and the changes in 
vegetative cover as compared to the other indices. The lack of any relationship between 
plant tissue and the spectral indices suggests that acid digestion approach used in plant 
tissue nutrient analysis may be problematic due to the volatility of some of the nutrients.  
 
This research provides insight into the viability of feedlots abandoned more than a decade 
as a source of phosphorus to supplement the primary sources of phosphorus used in 
fertilizer. It is estimated that crops remove approximately 2 to 15 mg kg-1 of phosphorus 
for growth. Phosphorus concentrations in some areas exceed 50 mg kg-1, which implies 
no soil phosphorus fertilization is required for plant growth. Agronomists and 
stakeholders in agriculture and food security should take a holistic approach and conduct 
feasibility studies on using sequestered phosphorus in abandoned feedlot soils as 
alternative source of phosphorus fertilizer.  
 1 
 
 
 
 
 
CHAPTER 1 
INTRODUCTION 
Feedlot operations are used extensively by the major beef producing industries in the 
United States (Galyean, 2011). They are categorized into two major operations: animal 
feeding (AFO) and concentrated (or confined) animal feeding (CAFO), with the latter 
being used in more industrialized farms. These operations are classified based on the 
number of livestock reared, number of days the animals are confined, and the ability of 
the generated waste by the operation to cause pollution. 
 
With the increase in population and demand for protein, feedlot operations are raising 
millions of livestock. For the past decade (2003 to 2013), cattle production has declined 
from approximately 94 million to 88 million head in the United States (USDA NASS, 
2013a). This trend has been attributed to economic factors or market volatility, which has 
caused some feedlots to be abandoned. Apart from economic factors, some of the factors 
that have caused feedlots abandonment include drought conditions, social changes, 
disease, modification of operator’s goals, and environmental problems (Schmidt, 2013).  
 
Problem 
Human activities, including cattle feedlot operations and agriculture, have resulted in 
elevated nutrients (nitrogen and phosphorus) concentrations in wetlands and other parts 
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of the ecosystem (Ancell et al., 1997). Most of the excessive nutrients in soil and water 
near feedlots are from agricultural activities (Mielke and Ellis, 1976; Olson et al., 2005) 
including manure mismanagement (Devlin et al., 2000), resulting in large concentrations 
of odorous gases (USEPA, 1999), including hydrogen sulfide and ammonia. Excessive 
phosphorus and nitrate in surface and groundwater have been a major concern for the 
world (Tappin, 2002; USEPA, 2002). 
 
During stormwater runoff events when feedlots are operational or abandoned, natural 
processes such as weathering and erosion can result in elevated concentration of nutrients 
in soils (Dauden and Quilez, 2004), surface water (Burkholder et al., 1997; Gilley and 
Risse, 2000; Knight et al., 2000; Thorne et al., 2007), and groundwater (Mielke and Ellis, 
1976). The nutrients are either transported by wind as particles (Harper et al., 2010; 
Sankey et. al, 2012) or by storm events through preferential pathways (Sharpley et al., 
2003) and can accumulate in nearby wetlands (Hopkinson, 1992; Ciria et al., 2005), be 
sequestered in soils (Craft and Casey, 2000; Craft, 2007), adsorbed on biomass (Stewart 
et al., 1990; Ciria et al., 2005), or transported in streams (Newbold et al., 1982 ). This has 
created environments favorable for eutrophication or hypertrophic conditions (Holtzman 
and Lehman, 1998). Eutrophication promotes algae growth and bacteria contamination 
(Smith and Schindler, 2009), resulting in reduced dissolved oxygen concentration in 
surface water (Scott et al., 1998; Wetzel, 2001; Wyngaard et al., 2011). This can affect 
water quality and also cause death of aquatic and riparian species (Carpenter et al., 1998; 
Pusey and Arthington, 2003). This has led to the enactment of the Harmful Algal Bloom 
and Hypoxia Research and Control Amendments Act (Public Law 113-124) by the 
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United States Senate on February 26, 2014. This law aims at promoting the development 
of new technologies for predicting, monitoring, and mitigating harmful algal bloom and 
hypoxia conditions.  
 
Justification 
Nitrogen and phosphorus undergo different biogeochemical processes involving soil, 
water, microbes, and vegetation. Nitrogen, through the aid of bacteria (nitrifying, 
denitrifying, and nitrogen fixing) and soil conditions (including presence of nitrogen, 
organic matter, pH, temperature, and the amount of moisture and oxygen present) (Jones 
and Jacobsen, 2001), is converted to other forms through processes including volatilization, 
denitrification, and/or dissimilatory reduction (Van Oostrom and Russell, 1994; Vymazal, 
2007). In contrast, phosphorus accumulates in soils (Walbridge and Struthers, 1993; 
Pierzynski et al., 1994; Hooda et al., 2001) through immobilization, sorption and 
precipitation, and/or incorporation in plants (Clarkson, 1966) and micro- and macro-
organisms (Mitsch and Gosselink, 1993; Jones and Jacobsen, 2002; Wang et al., 2012). 
Immobilized phosphorus can be susceptible to transport processes (Sharpley and Menzel, 
1987) but can be released during periods of anaerobic conditions when soils are saturated 
(Richardson, 1985). After precipitation and accumulation of storm water, phosphorus is 
sorbed and quickly sequestered in soils; hence, sharply varying phosphorus concentrations 
in soils, surface water, and groundwater. Immobilized phosphorus can be held in wetlands 
and become toxic in soils and plants through bioaccumulation. High phosphorus 
concentrations in soils can cause toxicity in many plants (e.g. Silber et al., 2002) and nearby 
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surface water (Carpenter et al., 1998). This can indirectly affect wetland use by wildlife 
and migrating birds (MacDonald, 2006).  
 
The toxicity of phosphorus varies by organisms. Elemental phosphorus is more toxic 
compared to the oxidized phosphorus state. Elemental phosphorus concentration of 52 and 
304 µg g-1 were the toxicity levels observed in wild swans (Cygnus buccinator and C. 
columbianus) and wild ducks (Anas spp.), respectively (Racine et al., 1992). Total 
phosphate concentrations exceeding 25 µg L-1 as phosphorus may stimulate algae growth 
and eutrophication (USEPA, 1986). This makes phosphorus a major concern for federal 
regulatory agencies (Litke, 1999; Paul and Meyer, 2001).  
 
Hypotheses 
Nitrogen occurs in different forms within wetlands and feedlot soils; its concentration can 
vary due to the different biogeochemical processes. Feedlot soils have high electrical 
conductivity due to the high salt content and other compounds in the manure, which are 
eventually incorporated into the soil after decomposition. These soils have variable 
permeabilities that influence their ability to retain or transmit soluble compounds or 
elements.  
 
It is hypothesized that nitrogen can cause a short-term contamination of soils and 
groundwater beneath feedlots, but that phosphorus can cause both short- and long-term 
contamination, especially in well-drained carbonate and iron-rich soils associated with 
confined animal holding areas. Sequestered phosphorus at the source of contamination or 
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pollution within a feedlot may create shallow zones of concentrated phosphorus, which 
can become an environmental threat when there is a change in oxidation-reduction 
conditions within saturated soils. Under these conditions, phosphorus may be released 
and can lead to eutrophication.  
  
Feedlot operations generate large quantities of nutrients. Cole and Todd (2003), Gilley et 
al. (2008), Vaillant et al. (2009), Netthisinghe et al. (2012), and others studied the 
distribution of nutrients in soils within active feedlot pens. Vaillant et al. (2009) 
measured soil concentrations of 20 to 9000 mg kg-1 for phosphorus, 375 to 8000 mg kg-1 
for ammonium-nitrogen, and nitrate-nitrogen concentrations less than 4 mg kg-1 for three 
feedlots and concentrations greater than 75 mg kg-1 for one of the feedlots. Netthisinghe 
et al. (2012) measured concentrations of 2002 mg kg-1 for phosphorus, 100 mg kg-1 for 
ammonium-nitrogen, and 18 mg kg-1 for nitrate-nitrogen. Cole and Todd (2003) 
measured concentrations of 6900 mg kg-1 for phosphorus, 1265 mg kg-1 for ammonium-
nitrogen, and 3 mg kg-1 for nitrate-nitrogen, while Gilley et al. (2008) measured 
concentrations ranging from 1060 to 1670 mg kg-1 for phosphorus, 0.8 to 1.3 mg kg-1 for 
ammonium-nitrogen, and 21 to 26 mg kg-1 for nitrate-nitrogen. These indicate the 
variability of nutrients in active feedlot operations.  
 
Remnant soil nutrients from non-active or abandoned feedlots can influence plant vigor. 
When the feedlot is abandoned, natural processes including weathering and 
decomposition make soil nutrients available for plant consumption. Soil condition and 
quality is normally reflected in plant growth (Jobbágy and Jackson, 2001; Orwin et al., 
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2010; Liu et al., 2013) and radiation reflectance by plants (Gates et al., 1965; Knipling, 
1970; Woolley, 1971). This is important for vegetation cover studies at different spatial 
scales and time periods. 
 
Numerous researchers including Sembiring et al. (1998), Leon et al. (2003), Numataa et 
al. (2003) and Rivero et al. (2009) have used spectral vegetation indices as a surrogate 
indicator of the presence of soil nutrients or fertile soils, which can sometimes be 
misleading without ground truthing. It is hypothesized that spectral vegetation index can 
be used as a surrogate indicator of soil nutrients available to plants and optimum soil 
conditions through vegetation monitoring. Fertilizer application to soil is very important 
to farmers since over-fertilizing a soil can cause luxury consumption in plants (Hochmuth 
et al., 1991; Van Wijk et al., 2003) or eutrophication in nearby runoff receptors. This can 
provide farmers valuable information on soil nutrients conditions before fertilizer 
application. Hence, the uses of an abandoned feedlot for this study because of the 
variable soil and nutrients conditions.  
 
Objective and Scope 
This study addresses aspects of the phosphorus cycle involving soil, groundwater, surface 
water, and plants to understand phosphorus mobility, sequestration, and availability in 
relationship to nitrogen in the same system. This study focuses on an abandoned feedlot, 
adjacent wetlands, and undisturbed reference site in the Glacial Ridge National Wildlife 
Refuge in northwest Minnesota. This site was selected for this research because of the 
existence of soils with a range of textures and hydrological condition (hydric and 
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nonhydric), and the apparent variable plant vigor. Secondly, the feedlot is underlain by 
till at shallow depth and largely bounded by wetlands, thus constituting a comparatively 
simple hydrogeological system. Finally, the former pens within the feedlot are underlain 
by sandy soil that provides good drainage. 
 
The main purpose of this study is to determine the budget of phosphorus and its 
relationship to nitrogen within the former feedlot and adjacent wetlands. The research 
aims to:  
1) Determine the sources and sinks of nutrients in the study area. 
2) Quantify the nutrients in surface water, groundwater, plant tissue, and soils. 
3) Characterize nutrient distribution in surface water, groundwater, plant tissues, and 
soils. 
4) Track the movement of nutrients in soils and groundwater quality down-gradient 
from the feedlot into the wetlands. 
5) Portray the role of the dominant plants in nutrient uptake. 
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CHAPTER 2 
LITERATURE REVIEW AND PREVIOUS WORK 
Phosphorus and the Environment 
Phosphorus is a macronutrient that performs numerous functions in plants (Houghland, 
1960; Raghothama, 1999; Watson and Mullen, 2007), microorganisms (Hanrahan et al., 
2004; Khan et al., 2007; Richardson and Simpson, 2011), and other living things 
(Knochel, 2006; Elser and Bennett, 2011). It plays an important role in cell physiology 
and biochemistry (Hanrahan et al., 2004). It forms part of the structure of 
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) genetic components (Smil, 
2000; Hanrahan et al., 2004) and most of the phosphorus in the body is located in bones 
(McDowell, 1992).  
 
In plants, phosphorus is important for the stimulation of flower blooms and seed 
development (Neilsen et al., 1990), leaf growth and elongation (Kavanová et al., 2006), 
stimulation of early growth and root formation and development (Vance et al., 2003), cell 
development (Bieleski and Ferguson, 1983), photosynthesis and food formation (Arnon, 
1956; Rychter and Rao, 2005), energy metabolism (Arnon, 1956; Raghothama, 1999), 
regulation of enzymes activities (Rychter and Rao, 2005; Nilsson et al., 2010), and 
improving plant strength, and tolerating harsh environmental conditions (Ciereszko et al., 
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2011; Sharma et al., 2011). In animals, phosphorus is important for metabolism, 
reproduction, and growth (Knowlton and Herbein, 2002; Ward and Lardy, 2005). 
 
Phosphorus exists in organic and inorganic forms (Mitsch and Gosselink, 2000; Sturgul 
and Bundy, 2002), which are generally classified as orthophosphate, polyphosphate and 
organic phosphate in solution. These can exist in particulate form or as dissolved species. 
In natural systems such as water and soil, phosphorus exists as dissolved reactive 
phosphorus (orthophosphate), dissolved organic phosphorus, and particulate inorganic 
phosphorus (Mitsch and Gosselink, 2000). Dissolved inorganic phosphorus is available 
for plant consumption; particulate phosphorus and organic phosphorus are not readily 
available to plants, but can undergo biogeochemical transformation to form inorganic 
phosphorus. 
 
According to Christophoridis and Fyiantos (2006) and Moore and Reddy (1994), the 
inorganic forms of phosphorus include apatite (Ca5(PO4)3(OH,F,Cl)), monelite 
(CaHPO4), strengite (FePO4·2H2O), variscite (AlPO4·2H2O), vivianite 
(Fe3(PO4)2·8H2O), reddingite (Mn3(PO4)2·3H2O), and hureaulite (Mn5H2(PO4)4·4H2O). 
These minerals are naturally obtained from the phosphate rock or precipitation from 
solutions. The organic forms of phosphorus include phytate (Richardson et al., 2000), 
phospholipid, nucleotides, sugar phosphates, phosphoproteins, phosphonates (Tate, 1984; 
Mitsch and Gosselink, 2000; Rychter and Rao, 2005; Nannipieri et al., 2011), and other 
organically-bound phosphates (Tate, 1984). 
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Phosphorus Cycle 
The phosphorus cycle is a biogeochemical sequence that involves the transformation of 
phosphorus from one form to another. It is the slowest among the biogeochemical cycles 
(Rankin, 2011) because most of the phosphorus is fixed in the Earth’s crust and it takes a 
long period of time to be released (Lavelle et al., 2005) through weathering (Schlesinger, 
1991). Unlike the case of nitrogen, the atmosphere does not play a significant part in the 
phosphorus cycle. The transformation of phosphorus involves soils, plants, and 
microorganisms. The major processes in the cycle include plant uptake, biological 
turnover through mineralization-immobilization, fixation reactions on clay and oxides 
surfaces, and dissolution of phosphorus-rich minerals through the activities of 
microorganisms (Mitsch and Gosselink, 1993; Stevenson and Cole, 1999). Other 
processes include fertilizer or manure application, erosion, leaching, sorption, desorption, 
and precipitation (Jones and Jacobsen, 2005). 
 
Only minute concentrations of phosphorus occur in the Earth’s crust, but phosphorus is 
released into the soil through a variety of processes: weathering of phosphorus-rich rock, 
dissolution of secondary minerals, mineralization of phosphorus from organophosphorus 
compounds, desorption of phosphorus from organic matter, clays, and other fine-grained 
sediments, application of organic manure and fertilizers, and breakdown of guano.  The 
release of phosphorus to the soil or groundwater depends on climate, soil pH, soil 
moisture, soil texture, soil temperature, solubility of the phosphorus compounds in the 
soil, and the presence of soil microorganisms (e.g. Bentzen et al., 1992).  
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When phosphorus is applied to the soil, it reacts slowly with soil moisture or water to 
form a solution, which moves downward slowly through the soil matrix (Sim et al., 
1998), and is quickly sequestered into different recalcitrant (Filippelli, 2008; Selmants 
and Hart, 2010) and other phases (Josan et al., 2005; Welsh et al., 2009). As dissolved 
phosphorus moves through the soil, only the dissolved inorganic phosphorus in the form 
of orthophosphate is readily available for plant uptake (Schachtman et al., 1998; 
McDowell et al., 2005; Rychter and Rao, 2005). Orthophosphate, which is also known as 
reactive phosphorus, exists in three different forms (H2PO4-, HPO42-, and PO43-) in the 
solution (Schachtman et al., 1998; Mitsch and Gosselink, 2000), depending on soil pH.  
In low pH soil solution, H2PO4- predominates, while in very high pH soil solution, PO43- 
predominates. 
 
Root hairs are tabular outgrowths of rhizodermal cells (Bucher et al., 2001) that play a 
vital role in the absorption of dissolved phosphorus from the soil. It is believed 
phosphorus is obtained by the roots through diffusion, transformation, mobilization, 
absorption, help of inorganic phosphorus transporter (e.g. ARAth;Pht1;1, ARAth;Pht1;9, 
AtGPT, and AtXPT) (Raush and Bucher, 2002), and microbial activity (Shen et al., 
2011). The amount of phosphorus absorbed depends on root features such as length, 
radius, and density (Jungk, 2001). Due to the low concentration of phosphorus in most 
soils, high-affinity transport systems are usually required for inorganic phosphorus 
uptake against a steep chemical potential gradient across the root epidermal and cortical 
cell plasma membranes (Shen et al., 2011). Gahoonia and Nielsen (1998) stated that the 
root and associated rhizosphere microorganisms secrete mucilage, which consists of 
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partially methylated polygalacturonic acid (Ae and Shen, 2002) and other organic 
compounds that help in phosphorus diffusion from the soil close to the root surface. The 
assimilated dissolved inorganic phosphorus from the roots is loaded into the xylem and 
transferred to the shoots and other intracellular compartments (Schachtman et al., 1998; 
Shen et al., 2011). This is stored as polyphosphate, which is made available to support 
vital processes in the plant. Phosphorus remobilization in the plant starts from the leaves. 
Plants with fewer roots form a symbiotic relationship with mycorrhizal fungi, which 
influence phosphorus uptake. In this relationship, carbon from the plant is exchanged for 
inorganic phosphorus from the fungus (Gahoonia and Nielsen, 1998). In microorganisms, 
inorganic phosphorus assimilation across the plasma membrane normally involves 
cotransport with sodium ion (Schachtman et al., 1998). When the microorganisms 
assimilate the dissolved inorganic phosphorus, it is immobilized into their cells.  
 
When plants or microbes in the soil die, they are decomposed by bacteria, fungi, and 
other microorganisms. In this process, the organic phosphorus immobilized in the 
organism is mineralized (Schachtman et al., 1998; Moore and Reddy, 1994) into 
inorganic forms by enzymes such as phosphatase and phytase (Richardson, and Simpson, 
2011). Mineralization is influenced by factors including temperature, moisture content, 
and presence of oxygen, enzymes, and organic matter. When organic manure is added to 
the soil, the process of mineralization makes phosphorus available for plant assimilation.  
 
Phosphorus is lost or becomes unavailable through erosion, leaching, sorption, and 
precipitation. Phosphorus precipitates to form minerals or compounds with low solubility 
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which are adsorbed onto surfaces of organic matter, clays, metal oxides/hydroxides, or 
fine-grained geological materials. The materials or lithologic units that phosphorus are 
adsorbed onto are enriched with aluminum, calcium, manganese or iron ions to produce 
phosphorus complexes (Mitsch and Gosselink, 2000; Hinsinger, 2001) depending on the 
pH of the soil. At low pH, aluminum, manganese, and iron phosphate compounds or 
complexes exist but when pH exceeds 7, calcium phosphate is formed (Weiss et al., 
2008). The retention of phosphorus onto these surfaces depends on the soil moisture 
content and soil redox condition. The retention of phosphorus is favored by oxic or 
aerobic condition (Mitsch and Gosselink, 2000; Moosmann et al., 2006), the action of 
bacteria in aerobic condition (Gächter et al., 1988), and the availability of charges on the 
sorption sites (Guan et al., 2007; Jiao et al., 2007). Positively charged clays tend to 
adsorb more phosphorus and other nutrients as compared to trace elements and other 
positively charged elements. 
 
The adsorbed phosphorus is released through processes including desorption and 
dissolution (Lee et al., 1977; Mitsch and Gosselink, 2000), ligand exchange, 
mineralization, release from living cells, and cells autolysis (Christophoridis and 
Fytianos, 2006). The availability of phosphorus is influenced by pH, redox condition 
(Moore and Reddy, 1994), bioturbation (Gächter et al., 1988; Søndergaard et al., 2003), 
temperature, and presence of chemical species such as calcium, iron, aluminum (Moore 
and Reddy, 1994; Mitsch and Gosselink, 2000), manganese, magnesium, nitrate and 
sulfate. Phosphorus is available for plant uptake by the influence of sediment-water 
interaction (Syers et al., 1973; Søndergaard et al., 2003) under anaerobic conditions, plant 
 14 
 
root action, and microbes such as bacteria, fungi, and yeast (van Der Heijden et al., 
2008). Ae and Shen (2002) stated mucilage secreted by microbes has high affinity for 
ferric iron and has the ability to solubilize iron-phosphorus complexes, and also the roots 
of plants have the ability to release phosphorus from aluminum or iron-phosphorus 
complexes. The uptake rate creates a zone of phosphorus depletion around the root 
(Schachtman et al., 1998) as compared to areas outside the rhizosphere area. The release 
of phosphorus in the soil normally occurs under anaerobic condition where complex 
compounds of phosphorus are reduced and subsequently released in soils (Schachtman et 
al., 1998; Mitsch and Gosselink, 2000). Under this condition, ferric iron and oxidized 
manganese are changed to ferrous iron and reduced manganese phosphate compounds, 
respectively.  
 
Phosphorus is normally transported in overland flow and can also move into the 
subsurface through infiltration or leaching.  Leaching normally occurs when there is a 
storm event or snow melt after the application of manure or fertilizer (Barton et al., 2005; 
Brook et al., 2007). Some plants have very deep root systems that enable them to 
assimilate leached phosphorus to complete the cycle (Figure 1).  
  
According to Hinsinger (2001), phosphorus has received much attention over decades of 
intensive research, but there is lack of appropriate methods for studying its speciation and 
biogeochemical behavior because most of the current methods such as real time 
spectrophotometric analysis and autonomous electrochemical methods do not provide 
accurate speciation of phosphorus. The mobility of inorganic phosphorus in most soils is
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incompletely understood and difficult to predict. To understand how phosphorus escapes 
from agricultural land to become a source of pollution, it is necessary to examine the 
phosphorus cycle.  
 
Nitrogen and the Environment 
Nitrogen is one of the most abundant elements on the Earth (Brimble, 1996; Ramos and 
Bisseling, 2004). It forms approximately 78% of the Earth’s atmosphere (Fields, 2004; 
Francis et al., 2007). Nitrogen is one of the major elements that play a vital role in the 
survival of living organisms. It is an important component of the nucleic acids (DNA and 
RNA), which is good for transferring genetic characteristics (Hirel et al., 2011). It forms 
part of enzymes (Brandes et al., 2007) and it is involved in protein synthesis (Masclaux-
Daubresse et al., 2010). Nitrogen also plays important role in metabolic processes (Wang 
et al., 2012). In plants, it is an important component of the chlorophyll in the chloroplast 
that is responsible for photosynthesis and leaf green (Percival et al., 2008). 
 
Nitrogen occurs in different forms in various environments. Apart from dinitrogen gas, 
nitrogen occurs as nitrate, nitrite, nitric oxide, nitrous oxide, ammonium, ammonia, 
particulate nitrogen, and dissolved organic nitrogen (Ward and Bronk, 2001; Brandes et 
al., 2007). These forms of nitrogen exist as inorganic and organic forms (Vymazal, 2007) 
that can be in dissolved (soluble) or particulate forms. The soluble inorganic forms can 
exist as nitrate, nitrite, and ammonium are readily available for plant uptake. Contrarily, 
the particulate and the dissolved organic nitrogen are not readily available for plants but 
can be converted into other useful forms such as nitrate and ammonium.    
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Nitrate and ammonium are plant’s available form of nitrogen in the soil (Jackson et al., 
1989; Marx et al., 1999), with nitrate having the most oxidized and ammonium containing 
the most reduced form of nitrogen. Nitrate is more easily and quickly absorbed by plants 
than is ammonium (Jackson et al., 1989), and it is also highly susceptible to leaching than 
ammonium. Soil nitrate is important indicator of the amount of nitrogen in the soil and the 
amount that may be obtained from organic material before decision is made on nitrogen 
fertilizer application. Inorganic nitrate and ammonium form one to four percent of the total 
nitrogen in the soil (Tisdale et al., 1985). Particulate nitrogen is the form that dominates in 
sediments, and dissolved organic nitrogen is from the bacterial hydrolysis of particulate 
organic matter and the accumulation of intermediate products of anaerobic degradation 
(Lomstein et al., 1998). Nitrate, nitrite, ammonium, and organic nitrogen are grouped as 
“fixed nitrogen” (Brandes et al., 2007) since they are transformed from one form to another 
through fixation. 
 
Various forms of nitrogen occur in soils, groundwater, and other hydrological systems 
but excessive amounts of the most oxidized or reduced forms can cause human or animal 
health problems. Nitrate concentrations beyond the established U.S. Environmental 
Protection Agency maximum contaminant level of 10 mg L-1 as nitrogen or 45 mg L-1 as 
nitrate (USEPA, 1986; USEPA, 1991; 1997) in drinking water can cause 
methemoglobinemia in infants (Fan et al., 1987; USEPA, 1997) and eutrophication in 
aquatic systems. Ingestion of high concentrations of nitrate by adults can cause 
spontaneous abortion (Schmitz, 1961) and non-Hodgkin lymphoma (Nolan, 2001). 
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Elevated concentrations of nitrate in soils and hydrological systems are associated with 
anthropogenic activities, such as feedlot operation (Olson et al., 2005; Vaillant et al., 
2009). 
 
Nitrogen Cycle 
Nitrogen is continuously being recycled or transformed among soil organisms, plants, 
and the atmosphere through a series of complex biogeochemical cycles (Vasconcelos et 
al., 2007) involving bacteria through processes including fixation, assimilation, 
nitrification, denitrification, and dissimilatory reactions (Cabello et al., 2004). Within the 
soil, processes including fixation, mineralization and nitrification increase nitrogen 
availability for plants, while processes including plant uptake, denitrification, leaching, 
erosion, immobilization, and ammonification results in nitrogen loss (Idol et al., 2003) 
within the rhizosphere. Nitrogen cycle involves transformation of nitrogen into other 
forms (Figure 2). The transformation depends on both biotic and abiotic factors including 
availability of nitrogen, moisture, pH, temperature, and microbes present (van der 
Heijden et al., 2007).   
 
Unlike phosphorus, nitrogen is accumulated in the atmosphere as dinitrogen gas, which is 
not readily available for plant consumption (Lechene et al., 2007), but nitrogen fixing 
bacteria are involved in converting it into other useful forms through a process called 
biological nitrogen fixation (Vitousek et al., 2010). This is a sequential oxidation- 
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reduction reaction (Zehr and Ward, 2002) that requires energy, minerals, and bacteria 
(Zahran, 1999). The bacteria require energy in the form of nucleic acid and adenosine 
triphosphate (ATP) to break the strong nitrogen triple bond. Although the amount of 
energy required by the bacteria has not been quantified, an amount of 226 kcal mol-1 is 
required to break the nitrogen triple bond or convert dinitrogen into reactive nitrogen 
(Huisgen, R., 1976; Shestakov and Shilov, 2001; Galloway et al., 2003).  
 
In the nitrogen fixation process, atmospheric nitrogen is converted into nitrogen oxides, 
which are further reduced to form ammonia or ammonium. The ammonia or ammonium 
produced from the reaction is either absorbed by the plant or oxidized to form nitrite and 
ultimately nitrate through the process of nitrification. Lightning and fire are also involved 
in the fixing of nitrogen, by using the energy produced to convert the dinitrogen gas and 
oxygen in the atmosphere to nitrate, which is precipitated in rain and snow (Fields, 2004). 
 
Nitrate absorbed by plants and microorganisms is converted into ammonia or ammonium, 
which is used to synthesize tissue amino acids and proteins (Chesworth et al., 1998). This 
process is referred to as immobilization. When the plant or microorganisms die, the 
protein in the body tissue is degraded by microbes and converted into ammonia back into 
the soil through mineralization (decomposition). Decomposition can occur in both 
aerobic and anaerobic environments but it is faster in aerobic conditions since oxygen is 
used by the microbes for respiration. Mineralization and immobilization are two opposing 
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processes that influence nitrogen availability (Strader and Binkley, 1989) but can occur 
simultaneously (Kirkham and Bartholomew, 1954; Palm and Sanchez, 1991).  
Ammonia and/or ammonium produced during the process of decomposition are converted 
by nitrifying bacteria into nitrite and nitrate through the process of nitrification to obtain 
energy. This process occurs in aerobic environments such as exist in flowing water 
(Harrison, 2003), water column and oxidized sediment-water interface, and oxidized 
rhizosphere (Reddy et al., 1989). Nitrification is sensitive to factors including pH, 
moisture content, temperature, and nitrogen concentration (Gerardi, 2002; Metcalf and 
Eddy, 2003). Some of the ammonium produced during decomposition is converted into 
ammonia, which is lost to the atmosphere through volatilization. The volatilization losses 
increase at higher soil pH and conditions that favor evaporation (Vitosh et al., 1979).  
 
Another form of volatilization associated with the nitrogen cycle is denitrification. 
Denitrification occurs in a suboxic to anoxic (anaerobic) environment where the nitrate 
produced during nitrification goes through different chains of nitrogen oxide reactions 
mediated by various denitrifying bacteria (Pseudomonas, Bacillus, Thiobacillus, and 
Propionibacterium; Firestone, 1982) to produce dinitrogen gas, which is released back 
into the atmosphere to complete the cycle. According to Hochstein and Tomlinson 
(1988), during denitrification, nitrate is reduced to nitrite; nitrite reduced to nitric oxide; 
nitric oxide reduced to nitrous oxide; and nitrous oxide reduced to dinitrogen gas and the 
reactions are mediated by nitrate, nitrite, nitric oxide, and nitrous oxide reductase, 
respectively. 
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Denitrification occurs in the presence of organic carbon, which acts as an electron donor. 
Due to the lack of oxygen in the environment, denitrifying bacteria use nitrate in place of 
oxygen for respiration. Nitrate acts as a terminal electron acceptor (Knowles, 1982; 
Mitsch and Gosselink, 1993) in an anaerobic environment. Factors influencing 
denitrification include the availability of oxygen, organic carbon, nitrogen oxides, pH, 
temperature, and inhibitors (Knowles, 1982).  
 
Apart from denitrification and ammonification, which results in the loss of nitrogen to the 
atmosphere, processes such as leaching and erosion form part of the nitrogen cycle that 
result in the loss of nitrogen to various receptors. Other recently discovered processes 
associated with the nitrogen cycle include anaerobic ammonia oxidation (anammox), 
dissimilatory nitrate reduction to ammonia, and assimilatory nitrate reduction to 
ammonia. Anammox involves the conversion of nitrite and ammonium to dinitrogen gas 
by the aid of microbes (Mulder et al., 1995). 
 
Nutrients in Feedlot Settings 
Feedlot operations over the decade have recorded fluctuations in profits (Watt and Little, 
1986) due to factors including high interest rate, high cost of feed and production cost 
(Koknaroglu et al., 2005) and low livestock price. Recently, the marketing of cattle and 
calves has increased eleven percent from $63.0 billion in 2011 to $70 billion in 2012 
(USDA NASS, 2013b). Apart from providing employment, byproducts from these 
operations have helped improve soil conditions (Rotz, 2004), and have also been used for 
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heat and electricity production (Flesch et al., 2011). Although these operations are 
beneficial, there have been concerns about their impact on the environment.  
 
Feedlot operations generate large amounts of nutrients and mismanagement of these 
nutrients can affect soil fertility (Sankey et al., 2012), surface water (Holtzman and 
Lehman, 1998), air (Zahn et al., 1997; Harper et al., 2010), and groundwater quality 
(Olson et al., 2005). Confined feedlot operations generated approximately 500 billion kg 
of solid and liquid waste per annum in the United States (USEPA, 2003), while the 
American Society of Agricultural Engineers estimated 540 billion kg of dry weight per 
annum (ASAE, 2005). A single cow generates an average of 54 kg of wet manure daily 
(USEPA, 2005). Manure is stockpiled and either composted into organic fertilizer or 
hauled to another facility for agricultural or energy industry usage. Stockpiling, 
composting, and hauling, which are management practices, can expose the soil, 
groundwater, and surface water to contamination if not properly done. 
 
The mass of wet manure excreted per dairy cow per day equals that generated by 20 to 40 
humans (USEPA, 2005). It consists of moisture, gas, fiber, nutrients (Marino et al., 
2008), and contains pathogens (Wang et al., 2004; Sinton et al., 2007), trace elements 
(Sager, 2007), antibiotics (Bound and Voulvoulis, 2004; Kemper et al., 2008), and 
hormones (Lange et al., 2002). Nutrient composition of manure is variable (Rieck-Hinz et 
al., 1996) depending on the feed, water, supplements, and medications consumed by the 
livestock. Most of the constituents are biodegradable but often take time to decompose. 
Subsequent exposure of the manure constituents to soils, surface water, and groundwater 
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can lead to severe environmental problems (e.g. Hubbard et al., 2004; McAllister and 
Topp, 2012).  
 
When feedlots are improperly managed, nitrogen and phosphorus can be a concern for 
public health and environment quality.  It is estimated that an average dairy cow excretes 
166 kg of nitrogen and 29 kg of phosphorus in manure annually, while an average beef 
cow excretes 59 kg of nitrogen and 10 kg of phosphorus annually (Sweeten, 1979; Van 
Horn, 1998). Urine from cattle is composed mostly of water and nitrogen; it is estimated 
that 80 to 320 g of nitrogen is released in urine daily (Monteny and Erisman, 1998). It is 
estimated sixty to eighty percent of urine nitrogen (Van Horn et al., 1996) and twenty-
five to fifty percent of manure nitrogen (Hristov et al., 2011) is lost to the atmosphere 
(Van Horn et al., 1996) as ammonia (Hristov et al., 2011) and nitrogen oxide (Rotz, 
2004) gases. Although some of the nitrogen is lost to the atmosphere, the remnant 
phosphorus and nitrogen in the manure are transported by runoff (Swanson and Mielke, 
1973), leached (Van Horn et al., 1996), or incorporated into the soil after decomposition 
or immobilization (Nyamangara et al., 1999). This can create localized nutrient 
imbalance and elevated toxicity level in soils.  
 
Nutrient Budget and Quantification 
Numerous researchers have developed various models to quantify nutrient loss or gain 
within livestock, plants, soils, and other media or environments. With animal rearing, 
nutrient budget is based on the difference between the amount of nutrient given to 
livestock and the amount of nutrient excreted (e.g. Schlecht et al., 2004). Fischer and 
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Cole (1979), Kortman (1980), Briggs and Funge-Smith (1994), Funge-Smith and Briggs 
(1998), and Gross et al. (2004) quantified nutrient cycling in ponds to examine 
environmental impact on organisms. Kadlec and Hammer (1988), Meulemana et al. 
(2003), and Vymazal (2007) quantified nutrient budgets within constructed wetlands. 
Numerous researchers, including Libra et al. (2004), Lavella et al. (2005), Paytan and 
McLaughlin (2012), Titlyanova (2007) and Lui et al. (2008), studied nutrient cycles on a 
global scale, but most of the global scale cycles do not incorporate or quantify critical 
flow mechanisms such as leaching. Other local scale studies of nutrient budgets have 
difficulties in estimating the influence of runoff, making the budget incomplete (e.g. 
Pezzolesi et al., 1998). 
 
Sim et al. (1998) studied phosphorus loss in agricultural ditches and realized that the 
leaching of phosphorus is rare, but Kleinman et al. (2004), Barton et al. (2005), and 
Brook et al. (2007) noticed that there was high concentration of phosphorus in the subsoil 
as compared to the topsoil. Brook et al. (2007) studied the leaching of phosphorus within 
the subsurface soils and stated that saturation of phosphorus in subsoil by long-term 
manure application is a key concern to phosphorus loss in leachate. The accumulation 
rate of phosphorus varies with location, depending on the soil type, hydraulic 
conductivity, oxidation-reduction conditions, and the amount of runoff received from an 
area with intense agricultural activities. There is a need to comprehend the sources and 
transportation of phosphorus in sediment (Libra et al., 2004). Although recent research 
focused on subsurface flow of dissolved phosphorus (e.g. Heathwaite et al., 2005) and 
leaching, Soldat and Petrovic (2008) suggest that transport and runoff of soil phosphorus 
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should also be investigated. There is also little information on the cycle and budget of 
phosphorus in feedlots within a prairie grassland, although there have been studies on the 
phosphorus in soils and groundwater beneath and around feedlots in general.  
 
Phosphorus Budget 
The nutrient budget is influenced by processes involved in nutrient cycling. Processes 
such as leaching, denitrification, and volatilization, which are associated with the 
nitrogen cycle, are difficult to measure due to their variability in space and time, so 
accurate estimation of the nitrogen budget in the feedlot would be difficult. In view of 
this, only the phosphorus budget is considered in this dissertation.   
 
Phosphorus concentrations in soils, sediments and waters are increased through processes 
including fertilizer or manure applications, dissolution, desorption, and mineralization. It 
is lost in soils through processes including surface erosion, immobilization, plant uptake, 
precipitation, and sorption (Jones and Jacobsen, 2002), which prevent phosphorus from 
being available for plants. Precipitation causes plant-available inorganic phosphorus to 
form complex phosphorus compounds with other elements; precipitation can also cause 
leaching of soluble phosphorus. Sorption helps in the adsorption of phosphorus, which 
can easily react with soluble phosphorus to form insoluble complex phosphorus 
compounds that can become fixed and unavailable for plants (Cross and Schlesinger, 
1995).  
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Within the feedlot environment, the main sources of phosphorus included livestock 
excrement and urine, with later decomposition of organic materials, while the outputs 
include erosion, leaching, plant uptake, assimilation by microorganisms, and soil and 
manure hauling: 
 
Pinput = Poutput + ∆S      Equation (2.1) 
  
where Pinput is the source of phosphorus, Poutput is the loss of phosphorus, and ∆S is 
change in storage.  
 
This equation was modified by Baker et al. (2010) and Andersen et al. (2011) in the form 
of a predictive model for determining the amount of the availability of soil phosphorus. 
The model was based on the law of mass conservation and generalized as: 
 
∆Soilphosphorus = Papplied – Prunoff  – Pvegetation – Pleached      Equation (2.2) 
 
where ∆Soilphosphorus is the change in storage of phosphorus, Papplied is the amount of 
phosphorus applied to the soil, Pvegetation is the amount of phosphorus incorporated into the 
plant tissues, Prunoff  is the amount of phosphorus  loss through surface runoff, and Pleached 
is the amount of phosphorus lost through infiltration. According to Baker et al. (2010) 
and Andersen et al. (2011), the change in storage of phosphorus in the soil is represented 
as:  
∆S = ρ * d * (Cp – Cf)       Equation (2.3) 
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where ρ is the bulk density of the soil (kg m-3), d is the depth of the soil (m), Cp is the 
estimated initial concentration of phosphorus in the manure (mg kg-1) and Cf is the 
current concentration of phosphorus estimated within the well-drained soils, 
groundwater, and plant tissue (mg kg-1). Change in storage of phosphorus (∆S) is in the 
unit of mass per unit area (kg m-2). 
 
Spectral Imagery and Vegetation Indices 
Remote sensing techniques have been implemented over the years to provide a better 
understanding of the various processes in the ecosystem, especially in the area of plant-
soil interactions. These techniques have been a noninvasive way of monitoring plant and 
soil conditions. Although some of these techniques are very expensive in their 
application, they are less labor intensive during data collection and can be applied at 
different spatial scales more frequently and even in inaccessible terrains. Most of the 
cost-effective remote sensing techniques involve the use of multispectral imaging 
systems mounted on vehicles or aircraft for capturing information in the form of images 
of targeted objects or phenomena.   
 
Various researchers have used different techniques in remote sensing in mapping 
contaminants (Coulson and Bridges, 2007; Hese and Schmullius, 2008), predicting 
weather conditions (Isaacs et al., 1986; Ohring et al., 2002), characterizing hydrology 
(Meijerink, 1996; Pietroniro and Prowse, 2002), determining soil conditions (Barnes et 
al., 2003), and monitoring vegetation (Tucker, 1979; Myneni et al., 1997; Eklundh and 
Olsson, 2003).  
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Vegetation monitoring is often done by capturing visual spectral data, with the aim of 
enhancing vegetation signal while minimizing the solar irradiance and soil background 
effects (Huete et al., 2002). Spectral vegetation indices have been used in the 
quantification of vegetation canopy “greenness” (Jago et al., 1999; Hatfield et al., 2008), 
assessment of biomass (Flynn et al., 2006), water use (Chen and Wang, 2012), plant 
stress (Barton, 2000), crop production (Jackson and Huete, 1991), plant health (Moges et 
al., 2004), and plant growth and vigor (Payero et al., 2004). Gilbert et al. (2002) defined 
vegetation indices as radiometric measures of spatial and temporal pattern of 
photosynthetic activity that are associated with canopy characteristic. According to 
Payero et al. (2004), vegetation indices are mathematical transformations that involve the 
combination of reflectance measurements in different spectral bands. Vegetation indices 
are based on the fact that vegetation absorbs well in the red (visible) wavelength and 
reflects efficiently in the near infrared wavelength. 
 
Plant and soil conditions play important roles in the reflection, absorption, and 
transmission of incident radiation on the Earth surface. Plants use solar radiation for 
photosynthesis, and within optimum environmental conditions, there is a direct 
relationship between plant growth and amount of radiation received (Monteith, 1977). 
During photosynthesis, radiation with wavelengths ranging from 400 to 700 nanometers 
(also termed photosynthetically active radiation) is used (McCree, 1972) to react carbon 
dioxide and water to produce sugar and oxygen within the chloroplast, which contains the 
chlorophyll. Nitrogen content in chlorophyll influences photosynthesis in leaves (Dewar, 
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1996), which can decrease when the plant is under stress. Plant chlorophyll absorbs 
strongly in the red and blue regions of the electromagnetic spectrum, but reflects green, 
making the plant appear green. Soil and plant nitrogen contents play important roles in 
the reflectance of radiation. Increase in soil nitrogen concentration increases the leaf 
nitrogen concentration and chlorophyll content (Barton, 2000; Zhao et al., 2011), which 
results in decrease in leaf reflectance of radiation (Baltzer and Thomas, 2004). 
Reflectance from leaves varies among healthy and senesced vegetation. These are 
recorded in the form of spectral vegetation indices using different mathematical formulae 
for vegetation characterization and estimation.  
 
Jackson and Huete (1991) classified vegetation indices into two major categories: ratio- 
and linear-based. Linear-based vegetation index depends on the difference between 
spectral image pixel and bare soil reflectance, with the aim of reducing soil interference 
in sparsely vegetated areas. In contrast, ratio-based indices depend on a mathematic 
combination of the spectral responses of vegetation based on captured reflectance 
contrast of the red and near-infrared bands. Spectral reflectance at various spatial scales is 
often inadequate for precise decision-making on fertilizer application in the absence of 
information on soil quality, ground coverage, plant community, and geostatistical 
estimation.  
 
Stable Isotopes 
Stable isotope studies have been used extensively in the identification of nutrient sources 
and sinks, and biogeochemical processes that play important roles in the cycling of 
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nutrients (Heaton, 1986; Kendall et al., 2007; Kaneko and Poulson, 2013). Variations in 
the stable isotopic composition of water, nitrate, ammonium, and carbon dioxide have 
been used to provide information on the processes occurring within the atmosphere, 
biosphere, or hydrosphere (e.g. Hoefs, 1997; Luz and Barkan, 2005). This dissertation is 
restricted to the nitrogen and oxygen isotopes in nitrate, and the hydrogen and oxygen 
isotopes in water. Nitrogen and oxygen isotopes in nitrate are important in contamination 
studies and tracing groundwater flow paths (Kendall and Caldwell, 1998), while 
hydrogen and oxygen isotopes in water are important in characterizing hydrological 
processes (Gibson et al., 2005). Also, nitrate is one of the major pollutants released in 
feedlots and water also plays an important role in the cycling of nutrients.  
 
Stable Isotopes in Water 
The water molecule has two stable hydrogen isotopes (2H and 1H) and three oxygen 
isotopes (16O, 17O, and 18O), making water have nine different isotopic variations (Fetter, 
2001; Faure and Mensing, 2005). The isotopic variation is caused by mass-dependent 
isotopic fractionation of water molecules during evaporation and condensation (Faure and 
Mensing, 2005). The ratio of the heavy isotope to that of the lighter isotope is represented 
by the variable “R” (the abundance ratio of isotopes). The isotopic composition is 
represented by delta (δ), which is the deviation of “R” from that of a specific standard or 
reference material. According to Kendall and Caldwell (1998), the isotopic composition 
of oxygen and hydrogen are represented by equations (2.4) and (2.5), respectively. 
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δ18O = (
(
O18
O16
⁄ )
sample
(
O18
O16
⁄ )
reference
 −  1) ∗  103    Equation (2.4) 
  
   
δ2H = (
(
H2
H1
⁄ )
sample
(
H2
H1
⁄ )
reference
 −  1) ∗  103    Equation (2.5) 
  
where “δ” is in per mil (‰). The reference material or standard used is the Vienna 
Standard Mean Ocean Water, which defines the isotopic composition of hydrogen and 
oxygen values of zero per mil (Gibson et al., 2005; Scholl et al, 2011) or approximately 
zero per mil (Baertschi, 1976; De Wit et al., 1980). Positive “δ” value indicates the 
sample is enriched with heavy isotopes relative to the standard, while a negative value is 
an indication of enrichment of lighter isotopes. 
 
Evaporation, condensation, and precipitation, which are integral parts of the hydrologic 
cycle, affect the isotopic composition of water, by either enriching or depleting it. These 
processes and isotopic composition are influenced by location. Craig (1961) and 
Dansgaard (1964) observed a trend or relationship between δ2H and δ18O values in higher 
altitude, latitude, and temperate zones. Precipitation at higher latitudes is depleted in 2H 
and 18O relative to precipitation at low latitudes. Craig (1961) observed a linear 
relationship between δ2H and δ18O values of precipitation that have not been affected by 
evaporation. This relationship is called the Global Meteoric Water Line (GMWL) and 
represented as: 
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δ2H = 8δ 18O + 10 ‰       Equation (2.6) 
 
The equation is based on precipitation data around the world (Kendall and McDonnell, 
1998). It is an average of local and regional meteoric water lines resulting from variation 
in climate and geographical location. The slope and the intercept of the equation are 
functions of humidity during primary evaporation of water vapor from the ocean and 
temperature during secondary evaporation as rain falls from a cloud (Benjamin et al., 
2004). 
 
When evaporation occurs, the water vapor is enriched in lighter isotopes while the 
remaining liquid is enriched in the heavier isotopes (Martinelli et al., 1996; Spangenberg 
et al., 2007; Luz et al., 2009). During precipitation, the condensate is enriched in heavier 
isotopes compared to the vapor (Dansgaard, 1964; Dahl-Jensen et al., 1998; Lee et al., 
2007). Bonds involving heavier isotopic varieties of water are stronger than bonds 
involving the lighter isotopic varieties. Hence, the stronger molecular bond and lower 
saturation vapor pressure of the heavy isotopic varieties of water molecules accounts for 
the low evaporation rate (McGuire and McDonnell, 2007). Precipitation in warmer 
climates is enriched in hydrogen and oxygen isotopes compared to precipitation in cooler 
regions.  
 
Stable Isotopes in Nitrate 
Nitrogen has two stable isotopes: 14N and 15N (Faure and Mensing, 2005), which can be 
used to detect isotopic fractionation in a medium (Bedard-Haughn et al., 2003). Stable 
nitrogen isotopes have unique isotopic signatures in both organic and inorganic sources. 
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These signatures have been used in determining their sources and also used in 
quantifying nitrogen budget.  
 
According to Komor and Anderson (1993), the isotopic composition of nitrogen is 
represented as: 
 
δ15N = (
(
N15
N14
⁄ )
sample
(
N15
N14
⁄ )
reference
 −  1) ∗ 103    Equation (2.7) 
 
where “δ” is in per mil (‰). The reference material or standard used is atmospheric 
nitrogen or air (Hoering, 1955; Mariotti, 1983), which defines the isotopic composition of 
nitrogen to zero or approximately zero per mil (Mariotti, 1983). Positive “δ” value 
indicates the sample is enriched with heavy isotopes relative to the standard, while a 
negative value is an indication of enrichment of lighter isotopes. Fractionation can affect 
the isotopic composition of nitrogen and it is influenced by processes including 
nitrification, denitrification (Boontanon et al., 2000; Pérez et al., 2000), oxidation, 
decomposition, and mineralization of organic nitrogen (Bedard-Haughn et al., 2003), 
which are the main processes of the nitrogen cycle.   
 
In feedlots, stable nitrogen and oxygen isotope ratios of nitrate have been used in 
identifying nitrate sources, their fate in soils and groundwater (e.g. Komor and Anderson, 
1993; Canter, 1997; Bedard-Haughn et al., 2003), and processes involved in the nitrogen 
cycle (e.g. Kendall, 1998; Amberger and Schmidt, 1987; Spoelstra, 2007). Isotopic 
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fractionation in nitrification lead to the depletion of 15N in nitrate relative to the reference 
material compared to denitrification. 
 
Nitrate produced from the process of nitrification have δ15N values ranging from -18 to 
+5 ‰ (Kendall, 1998) and δ18O values ranging from -2 to +15 ‰ (Kendall, 1998; 
Amberger and Schmidt, 1987). Denitrification in groundwater from some Minnesota 
feedlots is indicated with δ15N values between +22 and +43 ‰ (Komor and Anderson, 
1993) and the δ15N values increases with decreasing nitrate concentration (Kendall et al., 
2007). Böttcher et al. (1990) showed a 2:1 ratio between δ15N and δ18O in groundwater 
nitrate, but this may not be applicable in all environments. Mayer et al. (2002) and 
Wankel et al. (2009) showed a 1:1 ratio between δ15N and δ18O in groundwater due to the 
effect of denitrification.  
 
Komor and Anderson, 1993 measured δ15N values between +5.4 and +43.1‰ from 
groundwater nitrate obtained from certain feedlots, with values ranging from +12 to +16 
‰ interpreted as indicating manure fertilization. Other researchers studied isotopic 
composition of δ15N in nitrate from manure and obtained values between +8 and +16‰ 
(Wassenaar, 1995), +8 and +20‰ (Fogg et al. 1998), +10 and +20‰ (Bedard-Haughn et 
al., 2003), +10 and +22‰ (Canter, 1997; Kreitler, 1975; Komor and Anderson, 1993), 
and values greater than +10‰ (Seiler, 1996). Kendell (1998) stated nitrate from 
precipitation had δ15N values ranging from -6 to +12 ‰ and δ18O values ranging from 
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Figure 3: Nitrogen and oxygen isotopic composition showing different sources 
and processes. The figure shows the 2:1 relationship line associated with 
denitrification. The figure was modified after Kendall (1998). 
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+14 to +76 ‰. Soil organic matter had δ15N values between +4 and +9 ‰ (Heaton, 1986) 
and soil water having δ18O values ranging from -25 to +4‰ (Kendell, 1998). 
 
Geophysical survey 
Various geophysical techniques have been used in the exploration of subsurface 
lithologies, examining variations in physical properties of subsurface lithologies, 
detecting contacts, describing the orientation and geometry of structures, and determining 
the lateral extent of subsurface features. Gibson et al. (2004), El-Qady et al. (2005), 
Gutiérrez et al. (2008) and Jacob et al. (2010) used geophysical surveys in studying the 
spatial distribution of subsurface geological features and delineate contaminants (e.g. 
Goldman and Neubauer, 1994), including sources, transport processes, pathways, and 
fate of contaminants or pollutant (Watson et al., 2001; Sankaran et al., 2010).  
 
Seismic and resistivity surveys have been used in mapping soil quality and the spatial 
distribution of soil properties associated with feedlots, without intensive sampling (e.g. 
Tabbagh et al., 2000; Paillet et al., 2010). These geophysical methods are used because of 
the relationship between electrical conductivity and physical properties of the geologic 
materials (Goldman and Neubauer, 1994). Electrical conductivity, which is the reciprocal 
of resistivity, relates to soil texture, salinity, water content, and hydraulic properties 
(Corwin and Lesch, 2005; Slater, 2007). Electrical resistivity has been used in plume 
mapping of solid and liquid waste associated with feedlots (e.g. Eigenberg and 
Woodbury, 2012; Sainato et al., 2012). Electrical resistivity, which is the inverse of 
electrical conductivity, involves the introduction of a direct current into the subsurface 
 38 
 
through two electrodes and the potential difference between the two electrodes is 
measured (Fetter, 2001; Watson et al., 2001; Gibson et al. 2004; Burger et al., 2006). 
Resistivity is used in mapping saline soils associated with feedlot operations. Feedlot 
soils have high salt content (Miller et al., 2013), due to the high concentration of salt 
additives or supplements added to the livestock diets. High salt content results in high 
soil electrical conductivity, which creates conducive conditions for geoelectrical 
characterization of the feedlot soils.  
 
Seismic refraction survey has been used extensively in hydrogeochemistry and 
hydrogeological investigations. It has been used in the investigation of depth to water 
table and location of subsurface geologic materials (e.g. Lennox and Carlson, 1967; 
Haeni, 1988). Seismic refraction survey involves the measurement of travel time of 
seismic wave generated using an explosive or a hammer. The compressional wave 
generated travels from the land surface through the geological material being investigated 
back to the surface of the material as head wave along a wave front. The refracted waves 
are picked up by geophones as the first arrival. The wave velocity depends on the 
elasticity and density of the material through which the wave travels.  
 
Seismic refraction has been used to delineate the depth to water and thicknesses of 
various subsurface geologic materials through which the waves traveled. This is recorded 
as a seismogram showing time and distance traveled data. The seismogram reveals the 
geophone distance and the number of layers within the geological material(s) being 
investigated. The travel velocity of the wave is determined from the distance between 
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geophones (offset) and time plot obtained from the seismogram. The travel time of the 
seismic wave is a function of the distance between the geophones, the number of 
geophones, and the thickness of the geological material(s). The thickness of the layer or 
geologic material is obtained from the velocities of the waves traveling through the 
layers, and the intercept time for the refracted layers.
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CHAPTER 3 
SITE DESCRIPTION AND METHODOLOGY 
Introduction 
This chapter is divided into two main sections: Site Description and Methodology. The 
site description encompasses the study location and physiography, while the 
methodology involves site characterization, instrumentation, sample collection, and 
analytical methods. It also discusses the vegetation indices and the geophysical 
approaches used in the investigation of the local geology and groundwater elevation.  
  
Site Description 
The former Crookston Cattle Company concentrated feedlot (47o 43.6’ N; 96o19.2’ W) 
and the Crookston Prairie Unit of Pembina Trail Scientific and Natural Area (SNA), (47o 
42.0’ N; 96o20.7’ W) comprise the study area. These areas are located within the Glacial 
Ridge National Wildlife Refuge (GRNWR) near Crookston, northwestern Minnesota. 
The feedlot lies 25 km southeast of the city of Crookston and 65 km east of the city of 
Grand Forks in North Dakota. Pembina Trail SNA is located 13 km south-southwest of 
the feedlot (Figure 4). The feedlot and the reference site are in the Red River watershed 
and they lie along prominent sandy beach ridges. These beach ridges developed
  
 
41 
 
 
Fi
gu
re
 4
: S
tu
dy
 a
re
a 
sh
ow
in
g 
th
e 
m
aj
or
 ro
ad
s a
nd
 th
e 
ci
ty
 o
f C
ro
ok
sto
n,
 M
in
ne
so
ta
 (A
fte
r G
oo
gl
e 
im
ag
e,
 2
01
4)
.
 42 
 
 
approximately 12,000 years ago on the eastern margin of glacial Lake Agassiz (Wright, 
1972).  
 
The feedlot is situated in the middle of the study area and it occupies a measured area of 
0.13 km2 out of the estimated 0.30 km2 being investigated. The feedlot contained as many 
as 2,500 cattle at one time during its operation from 1970 to 2000. It is surrounded on the 
north and south by wetlands characterized by grassland vegetation dominated by a largely 
non-native bluegrass (Poa sp.), quackgrass (Elymus repens), and smooth brome (Bromus 
inermis) on the beach ridge, and reed canary grass (Phalaris arundinacea) and hybrid 
cattail (Typha sp.) in the wetlands. The Pembina Trail Preserve SNA is used as a 
reference site for this study since it has no record of anthropogenic disturbance. Most of 
the study was conducted within the abandoned feedlot.  
 
Physiography 
In this area of northwestern Minnesota, there are three physiographic divisions: glacial 
moraine, glacial-lake plain, and glacial lake-washed till plain (Lindgren, 1996). The study 
area is located within the glacial lake-washed till plain, which is characterized by long 
and narrow north-south and northeast-southwest trending beach ridge deposits of the 
glacial Lake Agassiz.  
 
The study area lies along beach ridges with low-relief topography. The area has 
approximately 3 m of relief and lies at an elevation of 333.7 m above mean sea level 
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(AMSL) on the beach ridge and 330.3 m AMSL in the wetlands.  The area has poorly 
developed stream networks (Red River Basin Board, 2000).  
 
Climate 
Climate in the area is classified as mid-latitude continental, with hot summers and long 
cold winters. The average precipitation measured from 1981 to 2010 ranged from 533 
mm to 940 mm (MCWG, 2014), with June being the wettest month. Approximately 60% 
of the annual precipitation occurs during the growing season between middle May and 
middle September (Severson, 1982). The average temperature recorded in Crookston is 
10.3 OC, with January being the coldest month with temperatures ranging from -20 to -9 
OC. The warmest is July with temperatures ranging from 14 to 27 OC. The prevailing 
wind directions are south-southeast in the summer and north-northwest in the winter, 
with an average monthly speed of 6.70 m s-1 (Klink, 2007). 
 
Geology 
Most of the surface and landforms were produced by glaciation during the Pleistocene 
Epoch. Deposition of the surficial sediments occurred during the Late Quaternary Period, 
which is separated into the Pleistocene and Holocene Epochs. During the Pleistocene 
Epoch, the Laurentide Ice Sheet covered most of the areas within the northern North 
America Continent (Dyke et al., 1982; Lusardi, 1994). The ice sheet advanced as lobes 
into parts of North Dakota, South Dakota, Montana, and Minnesota forming different 
moraines. Lobes including Superior, Rainy, Wadena, Des Moines, and Red River likely 
caused surficial deposition in Minnesota, but the two major ones were Wadena and the 
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Des Moines lobes (Wright, 1962). Retreat of the Des Moines Lobe resulted in the 
formation of the glacial Lake Agassiz and the sandy beach ridges along the eastern 
margin of glacial Lake Agassiz (Wright, 1972), which forms part of the study area.  
 
Due to high precipitation and colder climate, the ice sheet had thickness ranging from 
approximately 2 to 5 km (Zoltai, 1968), creating ice domes or ice centers. Three domes 
(Cordilleran, Keewatin, and Labradorean) were created in Canada (von Engeln, 1914). 
Ice lobes from Keewatin and Labradorean Domes advanced southward toward the U.S. In 
certain areas, the lobes became stagnant, which resulted in the significant sediment 
deposition characterized by end moraines or rugged topography, wetlands, and prairie 
potholes (Colton et al., 1963; Clayton, 1966). 
 
The composition of the glacial sediments deposited in an area depends on the geology 
underlying the areas from where the lobes advanced. The sediments associated with the 
lobes are till, which is composed of mixture of sand, clay, silt, along with sedimentary, 
igneous, and metamorphic rock fragments. Sediments from the Keewatin dome contain 
carbonates (Paleozoic bedrock) and crystalline Archean rocks (igneous and metamorphic 
rocks), and abundant Cretaceous shale fragments (Lively and Morey, 1996; Hobbs, 
1998). 
 
Quaternary Red Lake Falls Formation immediately underlies the beach ridges in the 
vicinity of the feedlot. This formation is carbonate-rich and overlain by light gray to 
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yellow brown silty, sandy pebbly-loam, deposited as a result of southward glacial flow 
(Harris et al., 1974).  
 
Soils 
The nature of feedlot soils can pose negative impacts on the health of the livestock, air 
quality, groundwater, and surface water adjacent to the feedlot. Feedlots situated on well-
drained sandy loam soils are important for plant growth after the feedlot is abandoned. 
Well-drained soils with productive plant cover can help decrease groundwater 
contamination. Poorly drained soils can retain water and nutrients; this can cause 
potential health problems for livestock. For this reason, prior to enactment of the feedlot 
management ordinance in Minnesota, feedlots were situated on well drained soils or soils 
composted with manure to keep the pen dry most of the time. This prevented foot rot or 
foul foot and other diseases associated with poor hygiene. 
 
Soils in the U.S. are classified into seven natural drainage classes based on the occurrence 
and extent of wet periods in natural soil conditions. The drainage classes range from 
excessively drained to very poorly drained soils based on texture and water transmissivity 
of the soil (Soil Survey Division Staff, 1993). Excessively drained soils are coarse-
grained and they transmit water quickly while poorly drained soils are fine-grained and 
transmit water slowly.  
 
According to USDA (2012), the area of study is differentiated by five soil series. These 
include Sandberg loamy sand, Syrene sandy loam, Strathcona fine sandy loam, Hedman 
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loam, and Radium loamy sand. These soils contain significant amount of carbonates and 
have saturated hydraulic conductivity ranging from 4 x 10-6 to 1 x10-5 m s-1 for Syrene 
sandy loam, Strathcona fine sandy loam, and Hedman loam, and 4 x 10-5 to 1 x10-4 m s-1 
for Sandberg loamy sand and Radium loamy sand. Descriptions of the soil series are 
based on report by USDA (2012). 
 
Sandberg loamy sand is an excessively drained soil formed from beach deposits and has 
slopes ranging from one to six percent. It is composed principally of sand, loamy sandy 
or sandy loam. The Sandberg loamy sand occupies approximately 13% of the study area. 
 
Syrene sandy loam is a poorly drained soil composed of loam, silt, and/or silty loam. This 
soil series is sandy loam and it occupies approximately 7% of the study area. 
 
Strathcona is composed of very deep, variably poorly drained soil formed by 
glaciolacustrine sediments underlain by calcareous till. This series is composed of loam, 
silt, and/or silty loam. Permeability of this series varies from moderately high to high at 
the top of the series and moderately low to low in the lower portion. This soil series 
occupies approximately 16% of the study area. 
 
Hedman loam is composed of very deep, variably poorly drained soil formed in 
calcareous, loamy glacial till. It is composed of loam, silt, and/or silty loam. This soil 
series occupies approximately 12% of the study area. 
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Radium loamy sand consists of moderately well drained soil formed in sandy 
glaciolacustrine and outwash sediments associated with glacial lake beaches and outwash 
plains. This soil series is composed principally of sand, loamy sandy or sandy loam. The 
Radium loamy sand occupies approximately 20% of the study area. 
 
The reference site has variability in soil series distribution but emphasis was placed on 
the Radium, Sandberg, Syrene, Strathcona soils since these were the soils considered at 
the feedlot. 
 
Materials and Methods 
Site Characterization 
To characterize the groundwater flow, fourteen shallow monitoring wells (BRW, BTB, 
DVPT, FLE, FLW, MW1 (U), NWW, PGB, PGN, POND, SGS, SPN, SWW, and WDP) 
and five deep monitoring wells (MW1L, MW2, MW3, MW4, and MW5) were installed 
(Table 1; Figure 5). The shallow wells were used to determine the groundwater flow 
direction, while the deep monitoring wells were used to determine the connectivity of the 
geologic materials, and also determine the vertical flow of groundwater in the study area. 
POND was installed close an excavated lagoon used in the past for manure disposal. In 
addition to the shallow and deep monitoring wells, dugouts or uncased pits (OP1, OP2, 
OP3, OP4, and OP5) and the U.S. Geological Survey Well G8 (USGS 
474346096185501) were used for monitoring water quality. Groundwater data obtained 
from the U.S. Geological Survey National Water Information System (NWIS; 
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http://waterdata.usgs.gov/nwis) were used to observe the concentration of groundwater 
nutrients in Well G8 since the feedlot was abandoned. 
 
Prior to the determination of the groundwater levels, the monitoring wells were surveyed 
with an EAGL Electronic Laser Level (model 1000) and the locations taken with an Etrex 
Vista Hcx Garmin Global Positioning System (GPS). Measurement of groundwater 
elevation was done bimonthly from 10th October 2007 to 23rd October 2013. 
 
Site Instrumentation  
To monitor the vertical movement of dissolved nutrients, six nested wells (NO1, NO2, 
NO3, NO4, NO5, and NO6) were installed in the northern and southern parts of the 
wetlands, parallel to the groundwater flow direction. The nested wells consisted of three 
single-riser wells that were in close proximity to each other and were installed at different 
elevations (Figure 1B). Each single riser well is made up of 2.20 cm diameter steel pipes 
screened at depths of 0.76m, with 0.31 m cylindrical screen (Table 2; Figure 1B). Water 
was sampled from the pipe through a 1.27 cm diameter translucent white polyethylene 
tube fitted to the screen. Wells within clayey units associated with the wetlands were 
shallow compared to those in sandy units because the geologic materials of interest in the 
wetlands were thinner than those of the beach ridges.   
 
Six soil pore water samplers (SWS) were installed within and above the water table in the 
northern and southern wetlands, and uncased pits were dug to get representative pore 
water samples for nutrient analyses within the vadose and saturated zones. The sampler is 
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made up of a PVC tube, porous ceramic cup at the bottom, and a tight stopper with a 
neoprene access tube passing through the stopper. A vacuum is created in the PVC by the 
use of pressure hand pump, and pore water from the unsaturated zone passes through the  
 
 
 Table 1: Well location, type, and riser elevation 
Easting 
(UTM) 
Northing 
(UTM) Well Name Well Type 
Riser Elev  
(ft) 
Riser Elev  
(m) 
701104 5289603 BRW 2 INCH PVC 1086.5 331.2 
701220 5289596 BTB ¾ INCH DPT 1085.9 331.0 
700892 5289498 DVPT 1½ INCH DPT 1086.7 331.2 
701118 5289716 FLE 2 INCH PVC 1086.3 331.1 
700816 5289429 FLW 2 INCH PVC 1086.6 331.2 
701090 5289695 MW1(U) 1¼ INCH DPT 1086.6 331.2 
701087 5289747 MW2 2 INCH PVC 1086.5 331.2 
700941 5289471 MW3 2 INCH PVC 1086.3 331.1 
700800 5289451 MW4 2 INCH PVC 1086.0 331.0 
700641 5289276 MW5 2 INCH PVC 1086.4 331.1 
700776 5289574 NWW 2 INCH PVC 1085.5 330.9 
701218 5289651 PGB 2 INCH PVC 1085.6 330.9 
700918 5289686 PGN 2 INCH PVC 1085.5 330.9 
700958 5289464 POND 2 INCH PVC 1085.5 330.9 
701057 5289572 RWW 2 INCH PVC 1086.1 331.05 
700962 5289612 SPN ¾ INCH DPT 1086.3 331.1 
700954 5289498 SPS ¾ INCH DPT 1086.1 331.1 
701185 5289496 SWW 1¼ INCH PVC 1085.5 330.9 
701304 5289722 USGS G8 2 INCH PVC 1086.5 331.2 
701156 5289561 VWP ¾ INCH DPT 1085.7 330.9 
701295 5289280 OP1 Drainage 1085.5 330.9 
700819 5289772 OP2 Drainage 1085.4 330.8 
700923 5289889 OP4 Drainage 1085.3 330.8 
700885 5289700 OP5 Drainage 1085.4 330.8 
The global positioning system coordinates are in meters. Datum: NAD 1983 and zone 
14. PVC and DPT represent polyvinyl chloride and galvanized well drive point wells, 
respectively. 
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Figure 5: Location of the monitoring wells and the uncased pits. Source of aerial photo: 
ESRI (2013).  
 
 
 
 
 
  
 
51 
 Ta
bl
e 
2:
 C
oo
rd
in
at
es
 a
nd
 d
im
en
sio
ns
 o
f t
he
 n
es
te
d 
w
el
ls 
at
 th
e 
ab
an
do
ne
d 
fe
ed
lo
t 
Ea
sti
ng
 
(U
TM
) 
N
or
th
in
g 
(U
TM
) 
W
el
l 
D
ia
m
et
er
 
W
el
l T
yp
e 
To
ta
l 
D
ep
th
  
Ri
se
r  
Sc
re
en
  
To
ta
l W
el
l 
Le
ng
th
 
Ty
pe
 
70
07
79
 
52
89
57
2 
N
O
1 
1.
9 
M
 
15
2 
43
.2
 
30
.5
 
19
5.
6 
Sh
al
lo
w
 
1.
9 
M
 
15
2 
17
.8
 
30
.5
 
23
1.
1 
In
te
rm
ed
ia
te
 
1.
9 
M
 
27
4 
10
.2
 
30
.5
 
28
4.
5 
D
ee
p 
70
11
65
 
52
89
66
1 
N
O
2 
1.
9 
M
 
12
2 
30
.5
 
30
.5
 
15
2.
4 
Sh
al
lo
w
 
1.
9 
M
 
18
3 
43
.2
 
30
.5
 
22
6.
1 
In
te
rm
ed
ia
te
 
1.
9 
M
 
24
4 
26
.7
 
30
.5
 
27
0.
5 
D
ee
p 
70
08
64
 
52
89
41
2 
N
O
3 
1.
9 
M
 
15
2 
35
.6
 
30
.5
 
18
8.
0 
Sh
al
lo
w
 
1.
9 
M
 
19
1 
30
.5
 
30
.5
 
22
1.
0 
In
te
rm
ed
ia
te
 
1.
9 
M
 
24
4 
27
.9
 
30
.5
 
27
1.
8 
D
ee
p 
70
10
72
 
52
89
76
6 
N
O
4 
1.
9 
M
 
15
2 
29
.2
 
30
.5
 
18
1.
6 
Sh
al
lo
w
 
1.
9 
M
 
21
3 
56
.5
 
30
.5
 
26
9.
9 
In
te
rm
ed
ia
te
 
1.
9 
M
 
27
4 
35
.6
 
30
.5
 
30
9.
9 
D
ee
p 
70
10
26
 
52
89
70
9 
N
O
5 
1.
9 
M
 
19
8 
29
.2
 
30
.5
 
22
7.
3 
Sh
al
lo
w
 
1.
9 
M
 
25
9 
63
.5
 
30
.5
 
32
2.
6 
In
te
rm
ed
ia
te
 
1.
9 
M
 
32
0 
- 
30
.5
 
- 
D
ee
p 
70
12
31
 
52
89
59
9 
N
O
6 
1.
9 
M
 
12
2 
64
.8
 
30
.5
 
18
6.
7 
Sh
al
lo
w
 
1.
9 
M
 
18
3 
58
.4
 
30
.5
 
24
1.
3 
In
te
rm
ed
ia
te
 
1.
9 
M
 
24
4 
55
.2
 
30
.5
 
29
9.
1 
D
ee
p 
Th
e 
gl
ob
al
 p
os
iti
on
in
g 
sy
ste
m
 c
oo
rd
in
at
es
 a
re
 in
 m
et
er
s. 
D
at
um
: N
A
D
 1
98
3 
an
d 
Zo
ne
 1
4.
 W
el
l d
ia
m
et
er
, t
ot
al
 d
ep
th
, r
ise
r, 
sc
re
en
, 
an
d 
le
ng
th
 a
re
 in
 c
m
. A
ll 
th
e 
w
el
ls 
ar
e 
ga
lv
an
iz
ed
 st
ee
l p
ip
es
 (M
). 
W
el
l N
O
5 
w
as
 n
ot
 c
om
pl
et
ed
 b
ec
au
se
 it
 e
nc
ou
nt
er
ed
 a
 ro
ck
 
du
rin
g 
in
sta
lla
tio
n.
 T
he
 to
ta
l d
ep
th
 is
 b
as
ed
 o
n 
th
e 
gr
ou
nd
 le
ve
l. 
  
 52 
 
ceramic cup attached to the PVC. The neoprene tube acts as an access point for the 
extraction of pore water samples. The soil pore water sampler was installed at a depth of 
0.5 to 1.0 m below the surface.  
 
Three Solinst Level Loggers (Jr. Edge) and a single Solinst Barologger Edge were 
installed in Wells MW3, NWW, and DVPT to monitor fluctuation in groundwater 
elevation and compensated temperature. Groundwater compensated temperature 
measurement is important when dealing with rapid fluctuation in water level caused by 
viscosity and hydraulic conductivity (Solinst Inc., 2013). The Barologger was used for 
measuring absolute pressure (water and atmospheric pressure) without any lag in time.  
 
Groundwater 
Sample Collection 
Groundwater samples were collected from the wells using a decontaminated polyethylene 
bailer after the wells were thoroughly purged and allowed to recover. Thorough purging 
was done by removing a minimum of three well-bore volumes of water from the wells 
before groundwater samples were collected.  
 
The groundwater sample collected from each site was divided among several bottles. An 
unfiltered sample was analyzed immediately for pH, electrical conductivity, and 
temperature using a calibrated waterproof ExStik® II pH/Conductivity/TDS meter. A 
second sample was filtered through a disposable 0.45μm filter membrane using a 
peristaltic pump and placed in sterilized one liter (L) and two 250 mL high-density 
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polypropylene bottles. One of the filtered samples in the 250 mL polypropylene bottles 
was preserved with concentrated hydrochloric acid to maintain a pH of less than 2. This 
prevented the precipitation or formation of metal complexes, which may influence 
analytical results. Another unfiltered sample was placed into a 120 milliliter (mL) round 
amber glass sample bottles, with no headspace. This portion of the sample was used for 
carbon analysis and bottled this way to minimize the exchange of carbon dioxide with the 
headspace atmosphere or minimize the bacterial decomposition of analytes. Finally, a 
250 mL unfiltered sample was stored for analysis of total phosphorus. 
 
The filtered and unfiltered samples were placed in an ice-filled chest immediately after 
bottling. The samples were transported from the field within a few hours and refrigerated 
in the laboratory. Chemical analyses were carried out prior to the recommended 
maximum storage duration information provided by University of North Dakota's (UND) 
Environmental Analytical Research Laboratory (EARL) according to APHA et al. 
(1998). 
 
Laboratory Water Analysis 
Chemical analyses of the water samples were performed at EARL.  A Shimadzu TOC 
analyzer (Model VcsN) was used to analyze for total carbon, inorganic carbon, and total 
organic carbon. The filtered unpreserved samples were used for nitrate-nitrogen, nitrite-
nitrogen, and soluble or dissolved reactive phosphorus analyses. Nitrate-nitrogen and 
nitrite-nitrogen were measured using ion chromatography (Dionex DX-120, USA.). The 
filtered preserved samples were used for ammonium-nitrogen analysis. Soluble reactive 
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phosphorus, total phosphorus, and ammonium-nitrogen were measured using a HACH 
DR/2010 spectrophotometer (HACH, 2005). Soluble reactive phosphorus, total 
phosphorus, and ammonium-nitrogen analyses used ammonia nesslerization, ascorbic 
acid, and acid-hydolyzable digestion methods, respectively. 
 
During the five years monitoring of water quality beneath the feedlot, 27 water samples 
were analyzed for O and N stable isotopes. Four, five and nineteen filtered water samples 
were collected in 2009, 2010, and 2013, respectively, for stable isotope analysis. The 
samples stored in the 1L sampling bottles were kept frozen and used for stable isotope 
analysis (oxygen and nitrogen in nitrate and oxygen and hydrogen isotopes in water), 
which was performed at the University of Nebraska-Lincoln Water Science Center using 
a Micromass Optima dual inlet isotope ratio mass spectrometer. After being thoroughly 
frozen, samples were shipped overnight in a dry-ice filled carton. 
 
Quality Assurance and Quality Control 
Laboratory quality assurance and quality control ensured acceptable analytical accuracy 
and precision, which included using duplicate samples and reagent blanks in the analysis, 
and matrix spike analysis. The overall analytical recovery was between 80-120% for all 
of the elements analyzed. The spike recovery was determined by dividing the water 
sample into two portions and a known concentration of standard solution of the analytes 
was added to one of the samples. The concentrations of the analytes (A) in both spiked 
and un-spiked samples were determined and the percentage of recovery determined using 
the equation (Burns et al., 2002): 
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RA (%) =  
Q𝐴(O+S)− Q𝐴(O)
QA(S)
       Equation (3.1) 
 
where QA(O+S) is the amount of the analytes A recovered from the spiked solution, 
QA(S) is the amount analytes A added to the sample, and QA(O) is the amount of the 
analytes (A) in the original sample. 
 
Soils 
Soils Collection 
Sixty-three O- and A-horizon and sixty-one B-horizon composite soil samples were 
collected across the beach ridge at various depths (Table 3) perpendicular to the trend of 
the beach ridge and the feedlot (Figure 6). Seven subsurface samples at a fixed depth of 30 
cm were collected at site 35 to examine the vertical variations in the soil nutrient 
concentrations. Site 35 was chosen because of the high concentrations of soil nutrients 
obtained during the preliminary investigation of the feedlot in 2012.  
 
The samples were collected from late June to July 2013 using an auger and a hand scoop 
after the top layer of desiccated and partially decayed organic materials was removed. To 
obtain a homogeneous sample representative of the entire sampling interval, each sample 
was disaggregated and thoroughly mixed. To prevent over coverage bias (sampling 
beyond targeted population), samples were collected from the five soil series across the 
beach ridge along a longitudinal traverse less than 400 m north of the unpaved road and 
300 m to the south of the road (Figure 6). The composite soil samples were transported 
on ice and kept frozen until analysis. 
  
 
56 
Ta
bl
e 
3:
 S
oi
l s
er
ie
s (
U
SD
A
, 2
01
2)
 a
nd
 d
ep
th
s s
am
pl
ed
 
Si
te
 
Ea
sti
ng
 (U
TM
) 
N
or
th
in
g 
(U
TM
) 
So
il 
Se
rie
s 
O
- &
 A
-H
or
iz
on
s 
In
te
rv
al
 (c
m
)  
B-
H
or
iz
on
 In
te
rv
al
  
(c
m
) 
1 
70
09
84
 
52
90
09
6 
H
ed
m
an
 
28
 
23
 
2 
70
10
60
 
52
90
01
6 
H
ed
m
an
 
28
 
23
 
3 
70
11
26
 
52
89
94
5 
Sy
re
ne
 
28
 
18
 
4 
70
11
72
 
52
89
89
4 
Ra
di
um
 
36
 
45
 
5 
70
12
15
 
52
89
85
1 
Ra
di
um
 
36
 
45
 
6 
70
13
27
 
52
89
72
8 
Ra
di
um
 
36
 
45
 
7 
70
13
85
 
52
89
66
5 
Ra
di
um
 
36
 
45
 
8 
70
15
03
 
52
89
54
3 
Sy
re
ne
 
28
 
18
 
9 
70
08
33
 
52
89
98
7 
St
ra
th
co
na
 
25
 
18
 
10
 
70
09
23
 
52
89
88
9 
St
ra
th
co
na
 
25
 
18
 
11
 
70
10
10
 
52
89
79
8 
Ra
di
um
 
36
 
45
 
12
 
70
10
41
 
52
89
76
3 
Ra
di
um
 
36
 
45
 
13
 
70
10
78
 
52
89
72
4 
Sa
nd
be
rg
 
48
 
48
 
14
 
70
11
23
 
52
89
68
0 
Sa
nd
be
rg
 
48
 
48
 
15
 
70
11
55
 
52
89
64
1 
Ra
di
um
 
36
 
45
 
16
 
70
11
95
 
52
89
59
8 
Ra
di
um
 
36
 
45
 
17
 
70
12
31
 
52
89
56
1 
Sy
re
ne
 
28
 
18
 
18
 
70
12
77
 
52
89
50
7 
St
ra
th
co
na
 
25
 
18
 
19
 
70
08
19
 
52
89
77
2 
St
ra
th
co
na
 
25
 
18
 
20
 
70
08
85
 
52
89
70
0 
St
ra
th
co
na
 
25
 
18
 
21
 
70
09
21
 
52
89
66
5 
Ra
di
um
 
36
 
45
 
22
 
70
09
49
 
52
89
63
2 
Ra
di
um
 
36
 
45
 
Th
e 
co
or
di
na
te
s a
re
 in
 m
et
er
s. 
D
at
um
: N
A
D
 1
98
3 
an
d 
Zo
ne
 1
4.
  
 
  
 
57 
 Ta
bl
e 
3 
(C
o
n
ti
n
u
ed
) 
Si
te
 
Ea
sti
ng
 (U
TM
) 
N
or
th
in
g 
(U
TM
) 
So
il 
Se
rie
s 
O
- &
 A
-H
or
iz
on
s  
In
te
rv
al
 (c
m
) 
B-
H
or
iz
on
 In
te
rv
al
  
(c
m
) 
23
 
70
09
97
 
52
89
58
0 
Sa
nd
be
rg
 
48
 
16
 
24
 
70
10
16
 
52
89
55
8 
Ra
di
um
 
36
 
45
 
25
 
70
10
41
 
52
89
53
2 
Sy
re
ne
 
28
 
18
 
26
 
70
10
72
 
52
89
50
3 
St
ra
th
co
na
 
25
 
18
 
27
 
70
11
14
 
52
89
45
4 
St
ra
th
co
na
 
25
 
18
 
28
 
70
12
27
 
52
89
33
2 
H
ed
m
an
 
28
 
23
 
29
 
70
05
57
 
52
89
85
4 
Ra
di
um
 
36
 
45
 
30
 
70
07
56
 
52
89
63
7 
St
ra
th
co
na
 
25
 
18
 
31
 
70
08
03
 
52
89
58
9 
Ra
di
um
 
36
 
45
 
32
 
70
08
34
 
52
89
56
0 
Ra
di
um
 
36
 
45
 
33
 
70
08
55
 
52
89
53
5 
Sa
nd
be
rg
 
48
 
16
 
34
 
70
08
87
 
52
89
49
7 
Sa
nd
be
rg
 
48
 
16
 
35
 
70
09
08
 
52
89
47
5 
Ra
di
um
 
36
 
45
 
36
 
70
09
25
 
52
89
45
8 
Ra
di
um
 
36
 
45
 
37
 
70
09
92
 
52
89
38
6 
St
ra
th
co
na
 
25
 
18
 
38
 
70
10
79
 
52
89
29
2 
H
ed
m
an
 
28
 
23
 
39
 
70
04
83
 
52
89
62
9 
Sa
nd
be
rg
 
48
 
16
 
40
 
70
06
14
 
52
89
52
1 
Ra
di
um
 
36
 
45
 
41
 
70
06
68
 
52
89
47
7 
Ra
di
um
 
36
 
45
 
42
 
70
07
11
 
52
89
43
8 
Sa
nd
be
rg
 
48
 
16
 
43
 
70
07
37
 
52
89
41
5 
Sa
nd
be
rg
 
48
 
16
 
44
 
70
07
78
 
52
89
38
0 
Ra
di
um
 
36
 
45
 
Th
e 
co
or
di
na
te
s a
re
 in
 m
et
er
s. 
D
at
um
: N
A
D
 1
98
3 
an
d 
Zo
ne
 1
4.
  
 
  
 
58 
  
Ta
bl
e 
3 
(C
o
n
ti
n
u
ed
) 
Si
te
 
Ea
sti
ng
 (U
TM
) 
N
or
th
in
g 
(U
TM
) 
So
il 
Se
rie
s 
O
- &
 A
-H
or
iz
on
s  
In
te
rv
al
 (c
m
) 
B-
H
or
iz
on
 In
te
rv
al
  
(c
m
) 
45
 
70
08
04
 
52
89
35
9 
Ra
di
um
 
36
 
45
 
46
 
70
08
33
 
52
89
33
5 
Sy
re
ne
 
28
 
18
 
47
 
70
08
82
 
52
89
29
5 
St
ra
th
co
na
 
25
 
18
 
48
 
70
09
79
 
52
89
21
2 
H
ed
m
an
 
23
 
23
 
49
 
70
03
59
 
52
89
51
1 
Sa
nd
be
rg
 
48
 
16
 
50
 
70
04
60
 
52
89
43
1 
Sa
nd
be
rg
 
48
 
16
 
51
 
70
05
16
 
52
89
38
4 
Ra
di
um
 
36
 
45
 
52
 
70
05
82
 
52
89
33
4 
Sa
nd
be
rg
 
48
 
16
 
53
 
70
06
28
 
52
89
29
9 
Sa
nd
be
rg
 
48
 
16
 
54
 
70
06
90
 
52
89
25
0 
Ra
di
um
 
36
 
45
 
55
 
70
07
28
 
52
89
22
3 
Ra
di
um
 
36
 
45
 
56
 
70
07
68
 
52
89
18
9 
Sy
re
ne
 
28
 
18
 
57
 
70
08
13
 
52
89
15
4 
St
ra
th
co
na
 
25
 
18
 
58
 
70
08
99
 
52
89
08
6 
H
ed
m
an
 
28
 
23
 
59
 
70
03
80
 
52
89
22
5 
Ra
di
um
 
36
 
45
 
60
 
70
04
70
 
52
89
17
3 
Sa
nd
be
rg
 
48
 
16
 
61
 
70
05
80
 
52
89
11
9 
Ra
di
um
 
36
 
45
 
62
 
70
06
48
 
52
89
08
4 
Ra
di
um
 
36
 
45
 
63
 
70
08
33
 
52
88
98
7 
St
ra
th
co
na
 
25
 
18
 
Th
e 
co
or
di
na
te
s a
re
 in
 m
et
er
s. 
D
at
um
: N
A
D
 1
98
3 
an
d 
Zo
ne
 1
4.
  
  
 59 
 
 
 
 
 
 
 
 
Figure 6: Study area showing the soil series, sampled sites, and the location of the former 
pen areas. 
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During mid-summer of 2012, fifteen O-horizon soil grab samples were randomly 
collected within the Radium and Sandberg Series. Soil samples were collected at a fixed 
depth of one meter at the location of monitoring wells PGB, MW1, MW2, MW3, MW4, 
and MW5 to characterize the vertical distribution of nutrients.  
 
Laboratory Soil Analysis 
Prior to chemical analysis, the samples were split into two parts. One of the portions was 
immediately prepared for analysis of pH and electrical conductivity, while the other 
sample was air-dried at room temperature for later analysis of chemical species, organic 
matter content, texture, and phosphorus sorption. The chemical species analyzed included 
nitrate-nitrogen, total nitrogen, ammonium-nitrogen, total phosphorus, total carbon, total 
organic carbon, calcium, and iron. Soils for chemical species analyses were pulverized, 
mixed, and sieved through a number 10 sieve (2 mm wire mesh) prior to analysis at the 
Soil and Plant Testing Laboratory of the North Dakota State University (NDSU).  
 
Soil pH and electrical conductivity analyses were done using the U.S. EPA SW846 or 
9054D method according to U.S. EPA (2004). In this method, 20 mL of deionized water 
was added to 20 g of soil in 50 mL beaker. The slurry was stirred continuously for 5 
minutes to ensure a uniform mixture and was allowed to settle for an hour. Calibrated 
waterproof ExStik® II pH/Conductivity/TDS meter’s electrode was used to measure the 
pH and electrical conductivity of the water following decantation. 
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Soil organic matter content was determined by loss on ignition (ASTM 2000) using a 
clean Paragon Touch-n-Fire DTC 800 Electric Kiln at UND's Fine Arts Department. 
Twenty grams of each air-dried sample was held at a temperature of 550 oC for 24 hours 
and cooled in a desiccator. The weight loss of the dried sample (Wi) and heated samples 
(Wf) was used to determine the organic matter content: 
 
SOM (%) =  
(Wi −Wf)
Wi
∗ 100        Equation (3.2) 
  
Soil texture analysis was done in the Hydrology Laboratory of the Harold Hamm School 
of Geology and Geological Sciences (UND) to determine the amount of gravel, sand, silt, 
and clay in the soil samples. This was done using both the mechanical and sedimentation 
or hydrometer methods (ASTM D422-63 method) according to ASTM (2010). The 
mechanical portion of the method used a sieve shaker and seven Humboldt Sieves: #4, 
#10, #20, #40, #60, #100, #200, and pan. The residual retained in the pan was analyzed 
for silt and clay content using the hydrometer method (ASTM, 2010). 
 
Sorption is an important process in the soil that affects the mobility and immobilization 
of nutrients in soils. Characterization of phosphorus sorption was performed on five 
different samples obtained from the Radium (site 23), Sandberg (site 24), Syrene (site 
25), Strathcona (site 26), and Hedman (site 28) soils. The sorption isotherm experiment 
was done using the Langmuir model according to Graetz and Nair (2000). The soil 
samples were air-dried at room temperature and passed through a 2 mm sieve. The 
sorption experiment was based on a soil to solution ratio of 1:25 (v/v). One gram of the 
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soil samples were weighed into a 30 mL polyethylene bottle with stopper and 25 mL of 
0.01M CaCl2 (ACS grade) solution containing 0, 1.0, 2.0, 5.0, 10.0, 50.0, 100, and 200 
mg P L-1 prepared from KH2PO4 (Crystalline/ Certified ACS). Three drops of toluene 
(ACS Certified Solvent) were added to the solution to inhibit microbial activity during 
equilibration period. The solution was sealed and placed in a reciprocal shaker and run 
for 24 hours at room temperature. The samples were then centrifuged for 5 minutes at 
1200 rpm and the aliquot of the supernatant filtered through 0.45 µm Whatman paper 
filter. The filtrate was analyzed for phosphorus using the HACH spectrophotometric 
method.  
 
The amount of phosphorus lost from the solution was considered to be adsorbed by the 
soils. The amount of phosphorus sorbed by the soil was calculated by subtracting the 
amount of phosphorus in equilibrium solution from the amount added. The maximum 
phosphorus sorption capacity was calculated from the isotherms using modified 
Langmuir isotherm equation (Reddy et al., 1998): 
 
C
X
=
1
KXm
+  
C
Xm
      Equation (3.3) 
   
where C is the phosphorus concentration after equilibration (mg L-1), X is the total 
amount of adsorbed (mg Kg-1), K is a constant relating to the phosphorus affinity 
constant (L mg-1), and Xm is the maximum phosphorus sorbed (mg Kg-1). Xm is obtained 
from a linear relationship represented by: 
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Xm =  X
I +  XO        Equation (3.4) 
 
where X1 is the amount of added phosphorus retained or adsorbed by the sediments (mg 
kg-1) and Xo is the initial or original amount of phosphorus in the sediments (mg kg-1). Xm 
is obtained from the inverse of the slope obtained in the graph of  C
X
 against C. 
 
Bulk densities of soil from the different soil series were estimated using the core 
sampling approach (e.g. McKenzie et al., 2004). In this method, a specially designed 
graduated metallic cylindrical with a height of 20.0 cm and an inner and outer diameter of 
3.4 and 4.4 cm respectively, was used for coring.  The cylinder was gently hammered 
into the soil to a particular depth after one to two cm of the topsoil was removed. The 
tube was gently pulled out of the soil. Hammering and pulling of the cylinder were done 
in such a way that core disturbance was minimal. 
 
A plunger was used to force the samples out of the tube into a 500 mL beaker that had a 
sample bag. Samples were collected from five locations within the Sandberg soils at sites 
13, 23, 33, 34, and 42, and within the Radium soils at sites 12, 15, 21, 31, and 54 because 
of the prior knowledge of nutrient distribution during the preliminary study of the site.   
 
The mass of the sample was determined in the field using a My Weigh iBalance i5500 
Table Top Digital Precision Scale. The sample bag was cut open and the soil samples air-
dried at room temperature for one week. The final mass of the sample was determined 
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using the Precision Scale. The ratio of mass of the dried sample (Wi) to that of its wet 
volume (Vi) was used to determine the bulk density, which has a unit of g cm-3.  
 
Bulk Density (ρ) =  
(Wi)
Vi
∗ 100      Equation (3.5) 
 
Plant Tissue 
Plant Tissue Collection 
Plant tissue samples were collected during four consecutive days in mid July 2013, two 
days after soil sampling. Graminoids (grass or grass-like monocotyledonous and 
herbaceous plant species) were sampled at the same locations the soils were collected. 
The graminoids sampled included reed canary grass (Phalaris arundinacea), smooth 
brome (Bromus inermis), Kentucky bluegrass (Poa pratensis), hybrid cattail (Typha sp.), 
sedges (Carex sp.), redtop (Agrostis gigantea), and quack grass (Elymus repens).  
 
To minimize bias and ensure good representation of nutrient distribution, healthy and 
seedless graminoids were sampled. Forty to fifty dominant plants were sampled within a 
1.5 m radius around the soil sampled points. The plants were clipped at 6 to 8 cm from 
ground level. The sampled plant tissues were kept in an open paper box to enable proper 
air circulation and prevent sample decomposition or formation of molds, which can affect 
analytic results.  
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Plant Tissue Laboratory Analysis 
To prepare the samples for analysis, the plant shoots (stems and leaves) were cleaned, air-
dried at room temperature, blended, and passed through a # 30 sieve (0.60 mm wire 
mesh). The plant tissue samples were analyzed for total phosphorus, total nitrogen, total 
carbon, potassium, zinc, copper, iron, manganese, sodium, silicon, aluminum, boron, and 
calcium at the Soils Testing Laboratory of the University of Wisconsin-Madison (UWM).  
 
Spectral Image Acquisition and Processing 
Multispectral scenes captured as part of the Upper Midwest Aerospace Consortium 
(UMAC)'s Airborne Environmental Research Observational Camera (AEROCam) project 
were used for this study. This project began in January 2001 and ended in 2012.  
 
The AEROCam is an airborne camera flown on a UND light aircraft for collecting high 
resolution multispectral image data at one-meter ground sampling distance. The images 
consist of four spectral bands (color infrared, red, green, and blue), which were 
radiometrically corrected and georeferenced. 
 
The AEROCam scenes selected for the study area were acquired during July 2011 and  
analyzed for vegetation indices using ERDAS Imagine 13.01 software (Leica 
Geosystems GIS and Mapping, LLC, 2012) and ArcGIS 10.1 software (ESRI, 2012). 
Although plant tissues and soils were collected in 2013, the July 2011 images were used 
for this study because no scene was captured in 2013 and also there were drought 
conditions in 2012. Climatic conditions during June 2011 and June 2013 were similar, 
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with only slight difference in precipitation (61 mm and 74 mm for June 2011 and 2013, 
respectively) and temperature (18 oC and 21 oC  for June 2011 and 2013, respectively) 
(MCWG, 2014). A portion of the 2011 scene covering the feedlot area was used in the 
analysis.  
 
The images obtained from the vegetation analyses were in panchromatic format, and 
imported into ArcGIS for classification into different vegetation categories using 
stretched-color symbology based on the minimum through maximum pixel values. Dark 
green was used to represent robust vegetation, shades of green for typical vegetation, 
yellow for senesced plants and sparsely vegetated areas, and brown for bare soil or non-
vegetated areas. The spectral signal of the pixel value at each sampled location was used 
to determine the vegetation index. 
 
Vegetation Indices 
To verify the hypothesis that vegetation indices should be used to characterize soil 
available plant nutrient and not total soil nutrients, a linear-based modified soil-adjusted 
vegetation index (MSAVI), a ratio-based normalized difference vegetation index 
(NDVI), and a simple ratio index (SRI) were used in this analysis. 
 
Simple Ratio Index 
SRI, which is also known as Ratio Vegetation Index, was originally described by Birth 
and McVey (1968). This vegetation index captures contrast through the combination of 
broadband red and near-infrared reflectance (Myneni et al., 1995). SRI uses the inverse 
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relationship between the chlorophyll absorption of red radiant energy by the plant leaves 
and the increased reflectance of near-infrared energy for healthy plant canopies (Cohen, 
1991). SRI is defined as: 
 
SRI =  
ρNIR
ρRed
       Equation (3.6) 
 
where ρNIR represents near-infrared reflectance and ρRed represents red reflectance. 
 
Normalized Difference Vegetation Index 
NDVI, which is also known as greenness index, is based on the ratio of the linear 
combination of the near-infrared and red reflectance. NDVI has been shown to be a 
sensitive indicator of biomass and leaf area in several crops, and has been used to track 
crop development over seasons (Zhang et al., 1998). NDVI was first formulated by Rouse 
et al. (1973) and defined as: 
 
NDVI =  
ρNIR−ρRed
ρNIR+ρRed
      Equation (3.7) 
 
The NDVI equation gives values ranging from negative (non-vegetative or non-reflective 
surfaces) to positive (vegetative or high reflective surface). Negative values can also 
indicate the presence of clouds, water, or snow (Burgan and Hartford, 1993).  Although 
NDVI has been used extensively in vegetation analysis, it does not minimize the effect of 
variable soil background.    
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Modified Soil-Adjusted Vegetation Index 
MSAVI is a vegetation index derived by Qi et al. (1994) from soil adjusted vegetation 
index (SAVI). SAVI was developed by Huete (1988) to minimize the influence of soil 
brightness on canopy spectra by using an adjustment factor (L) in equation 3.5 to account 
for the first-order soil-vegetation interaction. 
 
SAVI = (
ρNIR−ρRed
ρNIR+ρRed+L
) ∗ (1 + L)     Equation (3.8)  
 
Initially, values ranging from 0.25 to 1.0 were proposed for the various vegetation 
densities with 0.25 used for high vegetation density and 1.0 used for lower vegetation 
density. These resulted in ambiguity in choosing values to use in a typical vegetative 
cover. Qi et al. (1994) proposed an equation that maintains the vegetation density and 
satisfies the soil background effect. It is represented by:  
 
MSAVI2 =  
2∗ρNIR+1−√(2∗ρNIR+1)2−8∗(ρNIR−ρRed)
2
    Equation (3.9) 
 
Geophysical Survey 
Seismic refraction and two-dimensional (2-D) electrical resistivity surveys were 
conducted to characterize the local geology and the depth of the water table. Resistivity 
analysis was done on 25th October 2013 along two profiles A-B and C-D across the 
beach ridge into the southern wetland, while seismic refraction was done on 25th 
September 2010 along the beach ridge on a traverse E-F (Figure 7).  
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Figure 7: Geophysical profile lines (A-B, C-D, and E-F) along and cross the beach ridge 
(Google image). Resistivity survey was done on lines A-B and C-D while seismic 
refraction was done on line E-F. Source of Aerial photo: ESRI (2013). 
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The seismic refraction was done using 14-Hz geophones separated at a distance of one 
meter (3.3 feet) between each geophone. The geophones were connected to a seismic 
cable, which was attached to a Geometrics Geode DZ seismic system. A sledge hammer 
weighing 5 kg was used as the source of energy, was also connected to the seismograph 
unit. 
 
By striking a steel plate with the sledge hammer, a seismic wave was propagated into the 
subsurface. The seismic waves induced into the subsurface were refracted back to the 
ground surface (Figure 8). The refracted waves were picked by geophone and translated 
as seismogram by the computer unit for later analysis. The velocities of the waves and the 
thicknesses of the geologic materials were obtained from the seismogram. The velocity of 
the wave is the reciprocal of the slope obtained for the time-offset distance plot. The 
thickness of the subsurface geologic material is based on the generalized equation: 
 
𝑍𝑖 =  
𝑡𝑖𝑉𝑖𝑉𝑖+1
2√𝑉𝑖+1
2 −𝑉𝑖
2
        Equation (3.10) 
 
where i is the layer of interest, i+1 is subsequent layer, V is the velocity of the wave, and ti 
is the time intercept of the ith layer on the time-offset distance plot.  
 
Electrical resistivity imaging was conducted using a SuperSting R8/IP Multi-channel 
Earth Resistivity Imaging System (AGI Advanced Geosciences Inc.) along profiles A-B 
and C-D across the beach ridge. The system consists of SuperSting R8/IP resistivity 
meter, switch box, cables, 12-volt battery, and electrodes. Two-dimensional electrical 
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resistivity imaging was done using Wenner array with a five-meter electrode spacing 
using an array of twenty-eight electrodes. A five meter spacing was used because of the 
shallow depths of investigation. 
 
In the resistivity method, an electrical current is transmitted directly into the ground using 
two electrodes. This causes a voltage change between the two electrodes, which is 
measured. The apparent resistivity of the geologic material through which the current is 
transmitted is also recorded by the equipment based on Ohm’s Law:  
 
V = IR       Equation (3.11) 
 
where V is the potential between the two electrodes, I is the induced current, and R is the 
resistance. The depth of penetration of the induced current depends on the electrode 
spacing. The larger the spacing between the electrodes, the deeper the current penetrates 
the subsurface, but a poor vertical resolution is obtained, and vice-versa for smaller 
electrode spacing. The resistance of the electrode is related to the resistivity (apparent 
resistance of the ground to direct current flow) of the geologic material by: 
 
R =  ρ ∗
l
a
      Equation (3.12) 
 
where ρ is the apparent resistivity of the geologic material and “a” is the cross section 
area of the material being investigated. 
 73 
 
 
During the survey, apparent resistivity measurements of the geologic materials collected 
by the equipment were modeled in the AGI EarthImager 2-D version 2.2.9 (Advanced 
Geosciences, Inc., Austin, TX, USA). Elevation data along the profiles were extracted 
from a 1 m resolution light detection and ranging (LiDAR) digital elevation model 
(DEM) (MNDNR, 2014). These data were used for a terrain correction in the 
EarthImager software.  
 
The field apparent resistivity values were inverted using 2-D finite-element least-squares 
approximation to calculate the modeled best-fit apparent resistivity values. The iteration 
process calculated the root mean square error (RMSE), which is based on the differences 
between the measured and apparent resistivity values. RMSE values less than 5% 
determines the appropriateness of the analysis.  
 
The refraction data obtained from the seismic survey were modeled in SeisImager 
software suite (Geometrics, Inc. San Jose, CA, USA) and the Pickwin modules (version 
4.2.0.0) was used to pick the first arrivals and the dispersion curves. The first arrivals 
were inverted in the program using linear-least squares and delay time analysis. 
 
Statistics and Spatial Distribution Analysis 
Statistical Analysis 
Systat 12 statistical software (Systat Software, Inc. Chicago, IL, USA) was used to 
perform descriptive statistics, Pearson correlation coefficient, and analysis of variance 
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(ANOVA) on the data obtained. Descriptive statistics were done to summarize the data, 
while the Pearson correlation coefficient was used to determine the relationship between 
the chemical species and the soil properties. ANOVA was used to assess the significance 
of the relationships between analytes and soil properties.  
 
Statistical Techniques 
Multivariate analyses were performed on the groundwater data using Q- and R-mode 
cluster analysis and R-mode factor analysis. Cluster analysis is an empirical analysis or a 
multivariate technique used to identify homogeneous groups of objects (Davis, 2002). It 
shows similarities (or dissimilarities) between objects in a graphical form, with each 
cluster showing homogeneity of multiple variables within a population. Cluster analysis 
is done to minimize within-group variation and maximize between-group variation 
(Fernandez, 2002). With the cluster analysis, Q- and R-mode hierarchical clustering with 
single linkage using Euclidean distance as the similarity measure was used to generate 
dendrograms. The relationship between the sampled locations was plotted using Q-mode 
and the relationship between the chemical species was plotted with the R-mode. 
 
With the cluster analysis, the chemical species were transformed and standardized to 
reduce the variance, eliminate responses that may bias the cluster results, and fulfill the 
requirements of optimal multivariate analyses. The transformation of the data was based 
on log-transformation and data standardization using z-score: 
 
z =  
x− μ
σ
       Equation (3.13) 
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where x, µ, and σ are the raw value in a population, mean, and standard deviation of the 
population. 
 
Factor analysis examines the pattern of correlations (or covariances) between observed 
measures (DeCoster, 1998). This type of analysis reduces a set of related data into 
compact or smaller latent variables called factors. Factor analysis is used in determining 
the maximum contributing variables within a particular data analysis. The variables used 
in the analysis produce various variances called eigenvalues. There have been different 
views and rules concerning the sample size used in this factor analysis, but MacCallum et 
al. (1999) and Hogarty et al. (2005) stated that when the communalities (amount of 
accounted variance in each variable) in factor analysis increases, the effect of small 
sample sizes on the quality of the factor solution will reduce. As long as the communality 
is high, the number of expected factors is relatively small, and the model error is low, less 
emphasis should be placed on the small sample size (Preacher and MacCallum, 2002). 
Factor analysis was used to determine the main cause of variation in the hydrochemistry 
and compare the results of the factor analysis to that of the cluster analysis. 
 
With the factor analysis, R-mode was done using varimax rotation. Varimax rotation, 
which is an orthogonal rotation of the factor axes, was done to enhance better interpretable 
results, enhance variation in the factors obtained, and strengthen the results obtained in the 
R-mode hierarchical cluster analysis. Three factor scores estimates were generated, but 
only the best two that gave good estimates of the individual latent factors were plotted.  
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The chemical species analyzed using the multivariate statistical technique include total 
carbon, inorganic carbon, total organic carbon, soluble reactive phosphorus, nitrate-
nitrogen, nitrite-nitrogen, and ammonium-nitrogen. These chemical species were chosen 
for the multivariate analysis because they were the main source or cause of groundwater 
pollution in the study area.  
 
Spatiotemporal Data Representation 
Spatiotemporal representation of the data using Golden Software Surfer 10 (Golden 
Software, Inc., 2012) was done using a radial basis function algorithm with an anisotropy 
ratio of 0.5 at a 315o azimuth. This ratio and azimuth provided the best match to the soil 
pattern along the southwest-northeast-trending beach ridge. Although kriging is the best 
linear unbiased estimator and has the lowest mean absolute error, radial basis function was 
used because of its ability to approximate continuous behavior with arbitrary precision 
(Hornik et al. 1989). Radial basis functions and kriging use different algorithms in data 
analysis, but the interpolated results can be similar since kriging is a linear combination of 
a radial basis function and a constant (Jacquet et al. 2005). Testing of the spatiotemporal 
nutrient distribution and spatial autocorrelation analysis were done using Global and Local 
Moran’s Index (I) in ArcGIS 10.1 software (Environmental Systems Research Institute, 
Inc. Redlands, CA, USA), formulated according to Moran (1950) and Anselin (1995), 
respectively.  
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Moran’s I is an index used to measure spatial dependence or describe spatial distribution 
pattern of a dependent variable within a specified area. It depends on the cross-product of 
the deviation from the mean (measure of covariance). Moran’s I gives values ranging -1 to 
1, with -1 indicating perfect dispersion, 0 indicating random distribution, and +1 indicating 
perfect correlation. The index can be normalized to Z-score values smaller than -1.96 or 
greater than 1.96 indicating spatial autocorrelation significant to the five percent quantile. 
Global Moran’s I is based on Equation 3.14 (Moran 1950): 
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where xi and xj are variables of interest (soil nutrients) based on the ith and jth locations,  
x̅ is the mean of the variables (soil nutrients), wij is the weight matrix of the location of i 
relative to j, and N is the number of locations indexed by ith and jth variables.  
 
The local Moran’s I, also known as Anselin’s local indicator of spatial association, 
identifies spatial clusters and outliers based on comparison with neighboring locations 
(Anselin 1995). The local Moran’s I is categorized into 5 classes (HH, LL, HL, LH, and 0) 
based on the index value, Z-score, and the similarities between the neighboring features. 
“HH” (hotspot) and “LL” (cold spot) occur if the local Moran’s I value is greater than zero. 
“HL” or “LH” is an indication of potential spatial outliers which occur when the Moran’s 
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I value is less than zero. Zero is an indication of no significant autocorrelations. Local 
Moran’s I is based on Equation 3.15 (Anselin 1995):  
 
𝐼𝑖 =  𝑧𝑖  ∑ 𝑤𝑖𝑗𝑗 𝑧𝑗       Equation (3.15) 
 
where zi,and zj are deviations from the mean of the variables of interest (soil nutrients) 
based on the ith and jth locations respectively, and wij is the spatial weighting matrix for 
the location of i relative to j. The global Moran’s I is the sum of all the local Moran’s I. 
 
Nutrient Budget 
The nutrient budget at the feedlot was based on a mass balance approach involving the 
mass of phosphorus in the soils, plant tissues, and groundwater sampled within the 
confined animal holding area. Since most of the phosphorus in the soil was sequestered 
on the beach ridge with minimal movement into the wetlands, the animal holding area 
(nutrient hotspots) was considered as an area of interest for the budget.  
 
This budget was based on the assumption that assimilated soil nutrient is part of the plant 
tissue nutrient and the decomposed and decaying senesced plant tissues concentrations 
were part of the soil. The area has a flat topography; hence, surface runoff and erosion 
were neglected. It was assumed that the amount of phosphorus assimilated by soil 
microbes was insignificant and the amount of phosphorus deposited from the atmosphere 
was equal to the amount of phosphorus released into the atmosphere as dust, although 
both are likely insignificant to the budget.  
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The area of interest (former pen) covers approximately 130,000 m2 and it is situated on 
the Radium and Sandberg soils. These soils have estimated bulk densities of 1.25 and 
1.36 g cm-3, respectively (Table C5). The depths of the A- and B-horizons for the Radium 
soil are 36 and 84 cm and that of the Sandberg soil are 48 and 64 cm, respectively from 
the land surface. The average concentration of phosphorus within the Radium and 
Sandberg soils beneath the pen was used to estimate the mass of phosphorus. This is 
based on equation (3.16):  
 
Mass (kg) = Mass Concentration (mg kg-1) * Bulk Density (kg m-3) * Area (m2) * 
Thickness (m) * 1 (kg)/1,000,000 (mg)   Equation (3.16) 
 
where mass concentration is the concentration of phosphorus in the Radium or Sandberg 
soils over an area of 130,000 m2 (pen area), thickness is the depth of the Radium and 
Sandberg soils, and bulk density is their individual bulk densities. The standard deviation 
of the mass concentration is used to estimate the uncertainties associated with the 
estimated mass based on equation (3.16). 
 
The mass of phosphorus in the groundwater underneath the area of pen was estimated 
considering the average concentration of phosphorus in the groundwater within a 
geologic material with a porosity of 0.15, which is typical of coarse-grained sediments 
with fines (Fetter, 2001). The average saturated thickness within the sand overlying till at 
site was obtained from the well logs for MW1 to MW5 (Figures C12 to C16). The 
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estimated average saturated thickness was 2.80 m. The mass of phosphorus in the 
groundwater is estimated using Equation (3.17):  
 
Mass (kg) = Mass Concentration (mg L-1) * 1000 (L m-3) * Area (m2) * Saturated 
Thickness (m) * 1 (kg)/1,000,000 (mg) * porosity (%)  Equation (3.17) 
 
where mass concentration is the average concentration of phosphorus in the groundwater;  
the standard deviation of the groundwater phosphorus concentrations was used to 
estimate the uncertainties associated with the mass of groundwater phosphorus.  
 
The estimated mass of phosphorus within the plant tissue was based on the average 
concentration of the phosphorus in the dry plant tissue per unit sample area, which was 
applied to the area of interest. The plant tissue samples were dried and weighed to obtain 
the dry mass per unit sampled area. The estimated mass of plant tissue phosphorus is 
based on Equation (3.18):  
 
Massphosphorus = Average (
Masssample
Area Sampled
)
(kg)
(m2)
∗ Area (m2)  ∗ PConc(%)
100 (%)
   
         Equation (3.18) 
 
where Massphosphorus is the estimated mass of phosphorus in the plant tissue,  Average 
(Masssample/Area Sampled) is the average of the total mass of the dried plant tissue 
sampled per unit area sampled (0.40 kg m-2), and Pconc is the concentration of phosphorus 
in the plant tissues. 
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The change in the mass of phosphorus deposited from the manure compared to what is 
present currently at the site is based on Equation (3.16) and Equation (3.19). Equation 
(3.16) is used to estimate the mass of phosphorus in manure deposited within the pen 
location using an estimated bulk density of manure. Equation (3.19) is used to determine 
mass of phosphorus lost from the time the feedlot was abandoned till now.   
 
∆Storagephosphorus =  Massinput − Massoutput   Equation (3.19) 
 
where Massinput is the mass of phosphorus from the manure and Massoutput is the sum of 
the mass of phosphorus in the soils, plant tissues, and groundwater. 
 
The mass of phosphorus in the various media (soil, groundwater, or plant tissue) with 
respect to what is obtained at the reference site is based on the formula: 
 
 MassActual = Mass(Feedlot)i − Mass(Reference)i   Equation (3.20)  
 
where i is the medium of interest (soil, groundwater, or plant tissue), Mass(Feedlot) is the 
mass of phosphorus in the medium of interest obtained from the feedlot, Mass(Reference) is 
the mass of phosphorus in the medium obtained from the reference site, and Mass(Actual) is 
the actual mass of the phosphorus in the medium. 
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CHAPTER 4 
RESULTS 
Hydrogeology 
Groundwater elevations measured from the wells and surface water elevations from the 
open ditches were used to approximate the groundwater flow direction. The highest 
elevations were measured from the beach ridge wells and the lowest elevations obtained 
from the ditches in the wetlands. A gentle groundwater mound occurs on the beach ridge, 
where it appears to be preferentially recharged and flows a few tens or hundreds of 
meters through the coarsest and thickest sediments before being discharged into the 
nearby wetlands (Figure 9). A clayey till underlies the site, forming an impervious lower 
boundary at a depth ranging from approximately 0.3 cm in the wetlands to approximately 
8.0 m on the beach ridge.  
 
The water table roughly parallels the orientation of the beach ridge, with flow 
perpendicular to the beach ridge. The water table at the area is shallower in the wetlands 
with most of the ditches filled during the wet seasons, but on the beach ridge a maximum 
range of 0.46 to 0.91 m depth was measured.  
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Data from the loggers showed fluctuation in the height of water above the logger, with 
groundwater elevation decreasing with increasing compensated water temperature (Table 
B1 to B3; Figures B2 to B4). Fluctuation in the water table depends on the season, 
changes in pressure regime, and the soil type. The highest and lowest water level 
elevation measured in well DVPT were 0.16 and 0.004 m, respectively (Figure 10), in 
well MW3 were 1.19 and 1.19 m, respectively (Figure 11), and in well NWW were 0.34 
and 0.05m, respectively (Figure 12).  
  
Groundwater elevation data from Well G8 indicated a drop from 2.37 to 1.78 m below 
the ground surface (Figure 13) and groundwater temperature ranging from 9.6 to 16.1 oC 
(Figure 14).  
 
Hydrogeochemistry 
Groundwater and surface water monitoring began in 2002 by the USGS, but data 
obtained in 2013 were used for the analysis. This was due to the availability of more well 
data in 2013 than in the previous years, unavailability of some older data, and the drought 
conditions experienced in some of the previous years. Water quality data showed variable 
field parameters and analytes concentrations (Table 4, and B6 to B8).  
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Field Parameters 
The pH measured from the surface water and groundwater ranged from 7.18 to 10.64 
(Tables 5), with the low and high pH were measured in POND (Table 4) and the deep 
well of nested well NO6 (Table B7), respectively.  
 
Electrical conductivity is a function of the concentration of dissolved ions in water. 
Electrical conductivity ranged from 312 µS cm-1 in well SPN to 3250 µS cm-1 in uncased 
pit (OP4), with a mean and standard deviation of 902 and 512 µS cm-1, respectively. All 
the wells, except wells MW3, NWW, VWP, POND, intermediate and deep nested wells 
of NO3 and NO6, had electrical conductivity values less than that of the mean. Also soil 
pore water from OP2 (DUG), OP4, and OP5 had electrical conductivity values greater 
than the mean.  
 
Temperature is season-dependent and it influences the activities of microbes and 
chemical reactions within water. Temperature during the time of sampling ranged from 
12.2 oC in well MW2 to 22.3 oC in uncased pit (OP1). 
 
Nitrogen  
Groundwater nitrate concentration at the feedlot was variable with high concentrations at 
the beach ridge compared to the wetlands.  The various form of nitrogen investigated 
were nitrate, nitrate, and ammonium. Nitrate-nitrogen concentrations range from 0.1 mg 
L-1 in OP2 (DUG), OP5, and POND to 14.4 mg L-1 in BRW, with a mean and standard 
deviation of 5.2 and 5.0 mg L-1, respectively (Table 5). Wells MW2, MW4 (Table 4), and 
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NO6 (Tables B7), and uncased pits OP1 and OP4 (Tables B8) had concentrations below 
the detection limit (0.1 mg L-1). Most of the wells had nitrate-nitrogen concentrations 
below 10 mg L-1 except wells BRW, FLE, FLW (Table 4), and shallow well of nested 
well NO3 (Table B6). Groundwater movement seems to influence nitrate concentrations 
at the site. The wetlands had lower concentrations of nitrate compared to the beach ridge 
(Figure 15).  
 
Nitrite, which is obtained when nitrate is reduced, had concentrations less than 1 mg L-1 
as nitrogen in most of the wells, except in wells FLW and MW3.  Wells G8, MW4, 
NWW, SWW (Table 4), NO6 (Table B7) and the uncased pits (Table B8) has 
concentrations below the detection limit. 
 
Groundwater nitrogen data from Well G8 indicated a steady decline in combined nitrate 
and nitrate concentration until 2008 when the concentration fell below 2.5 mg L-1 (as 
nitrogen)  and leveled off at less than 2 mg L-1 (as nitrogen) (Figure 16). 
 
Ammonium-nitrogen concentrations ranged from 0.01 mg L-1 in wells DVPT and VWP 
(Table 4) to 8.48 mg L-1 in deep well of the nested well NO6 (Table B7) ; all of the wells 
had concentrations less than 1 mg L-1, except well MW2 (Table 4) and intermediate and 
deep NO6 (Table B7).  
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Figure 15: Groundwater nitrate concentrations. ND represents non-detected concentration 
(detection limit was 0.1 mg L-1). DUG represent uncased pit (OP2). The maximum 
acceptable concentration for nitrate is 10 mg L-1 as nitrogen (USEPA, 1986). 
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Figure 16: Decrease in nitrate and nitrite concentrations in the USGS Well G8 
from 2003 to 2013. Data was from the National Water Information System 
(NWIS) Website.  
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Phosphorus 
Soluble reactive phosphorus, which is also known as orthophosphate, had concentrations 
ranging from 0.01 mg L-1 in wells G8 and NWW to 0.26 mg L-1 in well SWW (Table 4), 
with a mean and standard deviation of 0.05 and 0.08 mg L-1, respectively. Total 
phosphorus had higher concentrations ranging from 0.01 mg L-1 in well SPN to 0.52 mg 
L-1 in well FLW, with a mean and standard deviation of 0.21 and 0.19 mg L-1, 
respectively. Six wells (BRW, FLE, FLW, SWW, Upper, and intermediate NO6) and 
open pit (OP2) had concentrations above the mean, with all of the wells having 
concentrations beyond 0.05 mg L-1, apart from wells MW4 and SPN that had non-
detected concentration and lower concentrations, respectively (Figure 17). Concentration 
of total phosphorus in groundwater did not show any distinct distribution pattern with 
respect to the beach ridge and the wetlands.    
   
Carbon 
Carbon content plays an important role in oxidation-reduction conditions and 
biogeochemical processes in surface and groundwater. The carbon concentration, which 
reflects the carbon cycle in groundwater, is influenced by water-rock reactions, 
dissolution of atmospheric carbon dioxide, and oxidation of dissolved organic matter (Li 
et al., 2005).  
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Figure 17: Groundwater total phosphorus concentrations (DUG is the same site as 
uncased pit OP2). ND represents non-detected concentration (detection limit was 0.01 
mg L-1).   
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Figure 18: Relationship between total organic carbon and inorganic carbon. The navy 
blue diamonds and red circles represent wetland and beach ridge samples, respectively. 
Data are from Tables 4 and B6 to B8. 
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Carbon dioxide is produced from the decomposition of organic material, which may 
enhance the weathering of silicate minerals or carbonates that buffer the pH of the water. 
Total carbon is the sum of inorganic carbon and total organic carbon. It had 
concentrations ranging from 45 mg L-1 in well SPN to 222 mg L-1 in the uncased pit 
(OP4) (Table 4), with a mean and standard deviation of 112 and 45 mg L-1, respectively 
(Table 5). Inorganic carbon, which represents the dissolved carbon dioxide, bicarbonate, 
and carbonate content, had concentrations ranging from 36 mg L-1 in well SPN to 187 mg 
L-1 in well SWW, with a mean and standard deviation of 89 and 36 mg L-1, respectively. 
Total organic carbon, which is obtained from dissolved organic constituents of the 
groundwater, had concentrations ranging from 2 mg L-1 in well MW4 to 55 mg L-1 (Table 
4) in the uncased pit (OP2), with a mean and standard deviation of 24 and 16 mg L-1, 
respectively (Table 5).  
 
Concentrations of organic carbon were lower than those of inorganic carbon. Total 
organic carbon had a linear relationship with inorganic carbon (Figure 18). Groundwater 
and surface water obtained from the wetlands had a larger carbon content than water from 
the beach ridges.  
 
Groundwater Isotopic Composition 
15N(nitrate) had values ranging from +15.5 to +42.2 ‰ in 2009, +0.6 to +17.3 ‰ in 2010, 
+9.9 to 31.1 ‰ in 2013. 18O(nitrate) also had values ranging from +8.8 to +30.8 ‰ in 
2009, +16.2 to +25.3 ‰ in 2010, and +9.9 to 21.3 ‰ in 2013 (Tables 6 to 8).  
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Table 6: Isotopic composition of groundwater collected and analyzed in 2009 and 2010 
Sample date Station δ15N(nitrate) δ18O(nitrate) NO3-N 
12/10/2009 FLE +42.2 +30.8 3.7 
12/10/2009 FLW +29.4 +27.9 5.2 
12/10/2009 USGS G8 +33.3 +23.0 1.0 
5/19/2009 DVPT +15.4 +8.8 2.6 
11/16/2010 DVPT +14.9 +25.3 10.4 
11/16/2010 USGS G8 +17.3 +16.8 1.3 
11/16/2010 SPN +0.6 +20.2 1.9 
11/16/2010 FLE +1.8 +16.2 3.9 
11/16/2010 FLW +6.7 +18.2 7.8 
The isotopic composition of the groundwater is measured in per mil (‰) while the 
concentration of nitrate-nitrogen (NO3-N) is in mg L-1. The detection limit for the 
isotopes is 0.1‰ while that of the nitrate-nitrogen is 0.1 mg L-1. 
 
 
 
 
Table 7: Isotopic composition of groundwater collected and analyzed on 6/24/2013 
Well δ15N(nitrate)  δ18O(nitrate)  18O(water) H(water) NO3-N NH4-N 
DVPT +10.2 +14.9 -14.3 -101.0 9.1 <0.1 
FLE +12.7 +16.5 -14.7 -100.9 22.4 0.2 
FLW +10.6 +15.2 -16.7 -122.8 13.9 <0.1 
MW3 +16.0 +9.9 -11.5 -87.1 12.9 0.2 
MW5 +18.3 +16.8 -11.4 -86.1 2.3 0.1 
PGB +11.8 +14.7 -12.9 -95.0 1.3 0.8 
PGN +23.0 +18.2 -10.8 -76.6 1.6 0.3 
The isotopic composition of the groundwater is measured in per mil (‰) while the 
concentration of nitrate-nitrogen (NO3-N) and ammonium-nitrogen (NH4-N) are in 
mg L-1, with < indicate concentrations below the detection limit. The detection limit 
for the isotopes is less than 0.1‰ while that of NO3-N and NH4-N is less than 0.1 mg 
L-1.  
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Table 8: Isotopic composition of groundwater collected and analyzed on 7/25/2013 
Well δ15N(nitrate) δ18O(nitrate) 18O(water) H(water) NO3-N NH4-N 
BRW +18.1 +14.0 -11.4 -81.2 19.6 0.1 
DVPT +10.9 +13.1 -14.3 -95.9 6.5 <0.1 
FLE +18.6 +13.6 -13.8 -90.9 18.0 0.7 
FLW +9.9 +10.4 -17.5 -123.7 14.6 <0.1 
MW3 +19.0 +17.6 -11.5 -83.1 4.3 0.1 
MW5 +22.7 +21.3 -11.4 -82.4 5.2 <0.1 
NO3 (S) +22.2 +16.3 -11.6 -82.8 8.3 <0.1 
NO3(I) +31.1 +15.5 -9.3 -54.8 11.6 <0.1 
PGB NM NM -13.6 -90.7 <0.1 1.6 
PGB* NM NM -12.7 -83.9 <0.1 1.9 
PGN +25.2 +19.2 -10.3 -67.0 4.7 <0.1 
The isotopic composition of the groundwater is measured in per mil (‰) while the 
concentration of nitrate-nitrogen (NO3-N) and ammonium-nitrogen (NH4-N) are in mg L-
1, with < indicate concentrations below the detection limit. The detection limit for the 
isotopes is less than 0.1‰ while that of NO3-N and NH4-N is less than 0.1 mg L-1. S and I 
represent shallow and intermediate nested wells, respectively. * indicates duplicated 
sample.   
 
 
Soil Chemistry 
O- and A-, and B-Horizons soil properties and their descriptive statistics show 
variabilities in their concentrations (Tables 9 to 14).  
 
Nitrogen 
Nitrate-nitrogen concentration in the O- and A-horizon composite samples ranged from 
0.5 to 26.5 mg kg-1 with a mean and standard deviations of 5.2 and 6.0 mg kg-1, 
respectively. The low concentrations were obtained from samples collected from sites 6, 
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19, 22, 24, 33, 34, 42, 45, 53, and 54, while the highest concentration was from site 31. 
Within the O-horizon samples, nitrate-nitrogen concentration ranged from 0.5 to 9.5 mg 
kg-1, while ammonium-nitrogen concentration ranged from 2.4 to 10.8 mg kg-1 in the O-
horizon obtained from the Radium and Sandberg soils.  
 
Nitrate-nitrogen concentration in the B-horizon ranged from 0.5 to 20.0 mg kg-1 with a 
mean and standard deviation of 2.5 and 3.9 mg kg-1. The lowest concentrations were 
obtained from samples collected from sites 6, 7, 8, 9, 19, 20, 22, 33, 42, 44, 50, 56, 59, 
60, and 62, while the highest concentration was from sites 15 and 45 (Figure 19). 
 
The ratio of nitrate concentration in the B-horizon to that of the A-horizon (nitrate 
enrichment factor) had values ranging from 0.0 to 40. Values ranging from 0.0 to 0.5 
indicate minimal leaching, 0.5 to 1.0 indicating intermediate leaching, and values greater 
than 1.0 indicating intense leaching (Figure 20).  
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Figure 20: Spatial distribution map showing areas with leached soil nitrate-N (red 
and green represent areas with high and low degree of leaching, respectively). The 
differences between the nitrate concentrations in the A- and B-horizon samples data 
was interpolated using radial basis function. 
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Phosphorus 
Soil phosphorus concentration in the O- and A-horizon composite samples ranged from 
2.0 to 121.0 mg kg-1 with a mean and standard deviation of 39.2 and 43.3 mg kg-1, 
respectively. Low concentrations were obtained from samples collected from sites 19 and 
27, while the highest concentration was from site 54. Soil phosphorus concentration 
ranged from 9 to 120 mg kg-1 in the O-horizon.   
 
Soil phosphorus in the B-horizon had concentrations ranging from 1.0 to 112.0 mg kg-1 
with a mean and standard deviation of 24.4 and 35.4 mg kg-1, respectively. Low 
concentrations were obtained from samples collected from sites 17, 18, 28, 38, 48, and 
63, while the highest concentration was from sites 15 and 53 (Figure 21). Soil phosphorus 
in the O-horizon was greater when compared to other horizons. Apart from site 24 that 
showed significant leaching of phosphorus in the Radium soil, all the other sites showed 
higher phosphorus concentrations in the O-horizon. 
 
Analysis of the vertical soil samples collected from site 35 indicated nitrate-nitrogen 
concentrations ranging from 1.5 to 4.5 mg kg-1, while that of phosphorus ranged from 37 
to 120 mg kg-1 (Table 15). 
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 Table 15: Nutrients composition of soil samples obtained from site 35 
Easting Northing Depth  Sampled (cm) 
Actual  
elevation (m) 
NO3-N 
(mg kg-1) 
P 
(mg kg-1) 
700908 5289475 0 333.50 6.5 120 
700908 5289475 30 333.20 4.5 109 
700908 5289475 61 332.89 2.5 71 
700908 5289475 91 332.59 2.5 68 
700908 5289475 122 332.28 1.5 23 
700908 5289475 152 331.98 1.5 46 
700908 5289475 183 331.67 1.5 74 
700908 5289475 183 331.67 1.5 44 
700908 5289475 213 331.37 1.5 37 
The actual elevation is based on the ground elevation and the depth sampled. The 
elevation is above mean sea level. 
 
 
 
Iron 
Soil iron concentration in the O- and A-horizon composite samples ranged from 4.5 to 
113.5 mg kg-1 with a mean and standard deviation of 45.5 and 28.5 mg kg-1, respectively. 
The lowest iron concentration was obtained from samples collected from site 22, while 
the highest was from site 30. 
 
Soil iron in the B-horizon had concentrations ranging from 4.2 to 97.5 mg kg-1 with a 
mean and standard deviation of 26.4 and 25.5 mg kg-1, respectively. The lowest iron 
concentration was obtained from samples collected from site 2, while the highest was 
from site 26 (Figure 22). 
 
 
  
119 
 
Fi
gu
re
 2
1:
 D
ist
rib
ut
io
n 
of
 so
il 
ph
os
ph
or
us
 in
 O
- a
nd
 A
-h
or
iz
on
 (A
) a
nd
 B
-h
or
iz
on
 c
om
po
sit
e 
(B
) s
am
pl
es
 u
sin
g 
(v
al
ue
s  
ar
e 
in
 m
g 
kg
-1
 w
ith
 re
d 
an
d 
gr
ee
n 
re
pr
es
en
tin
g 
hi
gh
 a
nd
 lo
w
 c
on
ce
nt
ra
tio
ns
, r
es
pe
ct
iv
el
y)
. D
at
a 
in
te
rp
ol
at
io
n 
w
as
 d
on
e 
us
in
g 
ra
di
al
 b
as
is 
fu
nc
tio
n.
   
  
 120 
 
 
Calcium 
Soil calcium concentration in the O- and A-horizon composite samples ranged from 60.5 
to 14,900.0 mg kg-1with a mean and standard deviation of 7815.9 and 2871.8 mg kg-1, 
respectively. The lowest calcium concentration was obtained from samples collected 
from site 11, while the highest was from site 2. 
 
Soil calcium in the B-horizon had concentrations ranging from 2720.0 to 11,540.0 mg kg-
1 with a mean and standard deviation of 6842.7 and 2619.3 mg kg-1, respectively. Low 
and high calcium concentrations were obtained from samples collected from sites 33 and 
57, respectively (Figure 23). 
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Soil Properties 
pH 
pH of the O- and A-horizon composite samples ranged from 7.52 to 9.96, with a mean 
and standard deviation of 8.46 and 0.58, respectively. The lowest pH value was measured 
from samples collected from sites 5 and 55, while the highest pH value was measured 
from a sample obtained from site 22. 
 
Within the B-horizon, pH ranged from 7.65 at site 54 to 9.62 at site 12, with a mean and a 
standard deviation of 8.57 and 0.50, respectively (Figure 24). The range of the soil pH is 
an indication of moderately basic pH soils, likely a result of the buffering effect of the 
relatively large concentration of carbonates in the soils 
 
Electrical Conductivity 
Measured electrical conductivity within the O- and A-horizon composite samples ranged 
from 22 to 2260 µS cm-1, with a mean and standard deviation of 401 and 467 µS cm-1, 
respectively. The lowest electrical conductivity value was measured from samples 
collected from site 60, while the highest electrical conductivity value was measured from 
the sample collected from site 28.  
 
Electrical conductivity within the B-horizon ranged from 30 µS cm-1 at site 60 to 1308 
µS cm-1 at site 38, with a mean and standard deviation of 326 and 294 µS cm-1, 
respectively (Figure 25).  
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Organic Matter Content 
Organic matter content in the O- and A-horizon composite samples ranged from 0.1 to 
44.8 % with a mean and standard deviation of 12.8 and 9.4 %, respectively. The lowest 
organic matter content was obtained from site 22, while the highest was from soil 
sampled at site 30. 
 
Organic matter content in the B-horizon soils ranged from 0.2 to 10.2 % with a mean and 
standard deviation of 3.7and 2.4 %, respectively. The lowest organic matter content was 
obtained from site 10, while the highest was from site 5 (Figure 26). Elevated electrical 
conductivity and greater organic matter content were associated with wetland soils. The 
increase in wetland organic matter content correlates directly with a greater abundance of 
plants and organic material decomposition. 
 
Particle Size Distribution 
Soil particle size distribution is used for classifying soils and permeability and hydraulic 
conductivity of geological materials depends on the grain size distribution (Freeze and 
Cherry, 1979; Boadu, 2000; Salarashayeri et al., 2012). 
 
Grain size analysis indicated the geologic material at the site is dominated by sand within 
the depths sampled. Most of the soil samples were collected within the Sandberg soils 
(Table 11; Figure C1). 
 128 
 
Grain size distribution has been classified as well-graded, gap graded, and uniform 
graded (Holtz and Kovacs, 1981), which is based on the coefficient of uniformity (Cu) 
and the coefficient of curvature (Cc) values obtained.  
 
Cu is a sediment grain shape factor dependent and determines the sorting of the soil. As 
the Cu value is small, the soil particles are small and become more uniform. Cu of the 
average grain size diameters was calculated using the equation: 
 
Cu =  
D60
D10
       Equation (4.1) 
 
where D
60 
represented diameter of the soil particles for which 60% of the particles are 
finer and 40% of the remaining particles are coarser than D
60
. D
10 
represented diameter of 
the soil particles for which 10% of the particles are finer and 90% of the remaining 
particles are coarser than D
10
. The coefficient of curvature (Cc) of the average grain size 
diameters was calculated using the equation: 
 
Cc =  
D30
2
D10∗D60
        Equation (4.2) 
 
where D
30 
represented diameter of the soil particles for which 30% of the particles are 
finer and 70% of the remaining particles are coarser than D
30
. For sandy geologic 
materials, Cu value greater than 6 and Cc between 1 and 3 is an indication of well graded 
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or poorly sorted soil (Fetter, 2001). The soils have variable calculated coefficient of 
uniformity and curvature (Table C2; Figures C2 to C6). 
 
Phosphorus Sorption 
Sorption behavior of the soils was described using linearized Langmuir sorption model 
(Reddy et al., 1998; Graetz and Nair, 2000), with the well-drained soils having values 
smaller than that of the poorly-drained soils. The well-drained Sandberg and Radium 
soils had estimated maximum adsorption values of 625 and 667 mg kg-1, respectively 
(Table C3). The phosphorus affinity constant obtained for the Radium soil was higher 
than that of the Sandberg soil. Radium soil had a phosphorus affinity constant of 0.53 L 
mg-1 compared to the 0.18 L mg-1 for the Sandberg soil (Table C3; Figures C7 and C8). 
This accounts for the high concentration of soil phosphorus in the Radium soils compared 
to the Sandberg soils. 
 
The poorly drained soils had higher maximum sorption capacity compared to the well-
drained soils. Among the poorly drained soils, Syrene soil had the highest estimated 
maximum adsorption value and phosphorus affinity constant, while Hedman soil had the 
lowest maximum adsorption capacity and the lowest phosphorus affinity constant. 
Syrene, Strathcona, and Hedman had an estimated maximum adsorption capacity of 
2000, 1111, and 909 mg kg-1, respectively (Table C3) with an estimated phosphorus 
affinity constant of 0.71, 0.04, and 0.03 L mg-1, respectively (Figures C9 to C11). 
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Bulk Density 
The bulk densities of the samples analyzed ranged from 0.87 to 1.78 g cm-3 (Table C5). 
The average bulk density of the Radium soil samples was 1.25 g cm-3, while that of the 
Sandberg soils was 1.36 g cm-3. 
 
Geophysical Survey 
Electrical Resistivity 
The EarthImager software for modeling resistivity data produced two pseudosections 
(measured and calculated apparent resistivity) and an inverted resistivity section (Figures 
27 and 28), with resistivity values ranging from 24 to 1500 Ohm-meter (m). This was 
represented with shades of blue, green, yellow, and red to indicate variations in the 
resistivity values from the lowest to highest values.  
 
The resistivity values were compared to data obtained from the borehole logging of wells 
MW1 to MW5 (Figures C12 to C16). The shade of blue with resistivity values less than 
100 m in profile A-B and less than 175 m in profile C-D represent clayey unit, clay 
dominated till, or groundwater location. Resistivity values greater than 212 m in profile 
A-B and greater than 430 in profile C-D (yellow to red) represent a mixture of sand and 
gravel. Resistivity values between 100 and 212 m in profile A-B and between 175 and 
430 m in profile C-D (shades of green) represents different texture of sand or clayey 
sand. The difference between the resistivity values measured on the beach ridge and the 
wetlands is attributed to the consolidated nature of the geologic materials on the beach 
 131 
 
ridge. Water has different resistivity values depending on its total dissolved solids 
content. Resistivity values ranging from approximately 4 to 100 m is an indication of 
freshwater saturated zone (Palacky, 1987). 
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Seismic refraction 
The signals of the reflected seismic waves were received by the geophones and 
transmitted to the seismograph unit. The transmitted waves were recorded as 
seismograms for later analysis. The seismogram shows refraction from the water table 
and complex layers of different geologic materials at various depths (Figure 29). A 
reverse shot from the hundred-and-fortieth (140th) millisecond time domain was used for 
the analysis because it provides useful information for surface wave interpretation and 
distinct delineation of the various geologic materials captured in the seismogram.  
 
The seismic survey detected the water table at a depth of 1.52 m (5ft) below the surface 
(Figure 29). Based on Figure 30, three layers refracted the induced seismic waves. The 
velocities traveled by the waves were 85, 91, and 101 m sec-1 for the first, second, and 
third layers, respectively (Table 16). The presence of groundwater inhibited the velocity 
of the seismic waves through the layers. The depth of the first layer was detected 
approximately 1.70 m, while the second was detected approximately 2.70 m below the 
surface. The layers were compared to borehole log of Well MW3 (Figure C14) since it 
was close to the vicinity where the survey was done. The first layer corresponded to sand 
or sandy gravel materials, while the second and third layers that recorded higher 
velocities representing a compacted material which could probably be clay, sandy clay, 
clayey sand or till. 
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Figure 29: Field seismogram with refraction recorded at the 140th millisecond 
time domain showing the first break picks. Green, red, and blue lines on the 
seismogram represent the first, second, and third layers, respectively. 
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Figure 30: Velocity traveled graph of the waves through the geologic materials. 
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Plant Tissue Chemistry 
Plant tissue nutrients concentrations and their descriptive statistics show variability in 
their concentrations (Tables 17 and 18). 
 
The primary macronutrient composition in the plant tissue varied in the order: potassium 
> total nitrogen > total phosphorus. The concentration of potassium varied from 1.02 % 
at site 43 to 3.41 % at site 30 with a mean and standard deviation of 1.86 and 0.51% 
respectively. The concentration of total nitrogen varied from 0.72% at site 54 to 2.22% at 
site 45, with a mean and standard deviation of 1.33 and 0.31%, respectively (Figure 31). 
Plant tissue total phosphorus ranged varied from 0.09% at site 34 to 0.37% at site 11, 
with a mean and standard deviation of 0.21 and 0.07%, respectively (Figure 32).  
 
 
The secondary macronutrient composition in the plant tissues varied in the order: calcium 
> magnesium > sulfur, with calcium having concentration ranging from 0.24% at site 55 
to 2.05% at site 10; magnesium in the plant tissues had concentrations ranging from 
0.09% at site 8 to 0.37% at site 30; and sulfur, which had the lowest composition in the 
plant tissues ranged from 0.08 ppm at site 3 to 0.37 ppm at site 5.   
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Figure 31: Spatial distribution of total nitrogen in the plant tissues (dry weight). Concentration 
is in percentage with red and green representing high and low percentages, respectively). 
Data interpolation was done using radial function basis. 
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Figure 32: Spatial distribution of total phosphorus in the plant tissues (dry weight). 
Concentration is in percentage with red and green representing high and low percentages, 
respectively). Data interpolation was done using radial basis function. Data interpolation 
was done using radial function basis. 
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The micronutrients in the plant tissues had decreasing concentrations in the order: sodium 
> iron > aluminum >manganese > zinc > boron > copper. Sodium in the plant tissues had 
concentrations ranging from 0.7 ppm at site 48 to 2964.3 ppm site 28. Sites 12, 19, 21, 
22, 26, 35, 42, 43, 44, 45, 46, 47, 49, 52, and 59 had concentration below the detection 
limit (0.5 ppm). Iron had concentrations ranging from 45.9 to 796.6 ppm, with sites 62 
and 10 having the highest and least concentrations. Aluminum concentrations in the plant 
tissues ranged from 11.4 to 736.8 ppm, with sites 37 and 61 having the highest and least 
concentrations. Manganese concentrations in the plant tissues ranged from 10.7 to 168.7 
ppm, with sites 37 and 28 having the highest and least concentrations. Zinc 
concentrations in the plant tissues ranged from 8.8 to 33.4 ppm, with sites 55 and 13 
having the highest and least concentrations. Boron concentrations in the plant tissues 
ranged from 6.6 to 33.2 ppm, with sites 60 and 34 having the highest and least 
concentrations. Copper concentrations in the plant tissues ranged from 0.5 to 7.5 ppm. 
The spatial distribution of the nutrients in the plant tissues shows variable concentration 
(Figures C1 to C12).     
 
Spectral Vegetation Indices 
The false-color-composite image of the area in and surrounding the feedlot (Figure 33a) 
shows the strongly contrasting vegetation pattern, with wetlands prominent to the 
northwest and southeast of the pens and access road. SRI, NDVI, and MSAVI maps 
consist of color composite images, made up of green, yellow, and brown to represent 
variations in vegetation indices and enhanced features in the images (Figure 33b to 33d).  
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Vegetation indices analyses indicated a similar pattern for the distribution of greenness in 
the SRI (Figure 33b), MSAVI (Figure 33c), and NDVI (Figure 33d) images, which is 
evident in Figure 34. MSAVI displayed more greenness with a subtle change in 
vegetation compared to the NDVI and SRI because MSAVI analysis eliminated the effect 
of the soil reflectance. In contrast, SRI displayed conspicuous change in vegetation and 
other features, which is probably due to the high reflectance of the color infrared. This 
makes SRI analysis good for distinguishing vegetated from non-vegetated areas and areas 
characterized by stressed vegetation. Figure 33b showed sparse, senesced, and non-
vegetation on the beach ridge at the abandoned pen location, which is consistent with 
field data, as compared to the non-vegetation of the area indicated in Figures 33c and 
33d. MSAVI gave a better representation of vegetation and this is attributed to the 
reduced sensitivity of the MSAVI to atmospheric conditions and the changes in 
vegetative cover as compared to the NDVI.  
 
SRI had the highest vegetation indices and the largest standard deviation (Table 18; Figure 
34), with values ranging from 0.98 to 3.60, and a mean and standard deviation of 1.67 and 
0.71, respectively. MSAVI had values ranging from -0.16 to 0.72, with a mean and 
standard deviation of 0.31 and 0.24, respectively. NDVI had the lowest vegetation indices 
(-0.09 to 0.57) with a mean and standard deviation of 0.21 and 0.18, respectively. The 
negative index values are associated with bare or non-vegetated areas. The highest and 
lowest vegetation index values were observed at sites 40 and 22, respectively. 
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 Figure 34: Differences in the vegetation indices values at each sampled location. 
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The lowest vegetation indices were measured on the beach ridge at the location of the 
recently excavated area (location of well SPN), which is characterized by exposed sandy 
subsoil with sparse or no vegetation. The highest indices were recorded in wetlands, in 
areas characterized by dense monotypic stands of Typha sp., Bromus inermis, and Phalaris 
arundinacea, which is consistent with the observation that in most plant communities, 
nutrient enrichment in the soil reduces diversity of plant community (Townsend and 
Howarth, 2010). 
 
Phosphorus Budget 
The mass of phosphorus in the Sandberg and the Radium soils ranged from 18,600 to 
23,400 kg, with a mean and standard deviation of 21,000 and 2,400 kg, respectively 
(Table 27). Phosphorus within plant tissues ranged from 67 to 153 kg, with a mean and 
standard deviation of 110 and 43 kg, respectively. The estimated phosphorus within the 
groundwater samples ranged from 3 to 25 kg with a mean and standard deviation of 14 
and 11 kg, respectively.  
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Figure 35: Quantified phosphorus within the various media at the feedlot. 
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At the reference site, the mass of phosphorus was estimated based on the area of the pen 
location at the feedlot. The estimated mass of phosphorus within the soils was 6,600 + 
1,100 kg and that within the plant tissues was 53 + 11 kg (Table 28). With the 
groundwater samples, phosphorus concentration was neglected because of the non-
detected concentration in the wells at the reference site.   
 
The difference in the mass of phosphorus within the feedlot soils and that of the reference 
site was approximately 15,000 kg and that of the plant tissues was approximately 57 kg.  
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CHAPTER 5 
DISCUSSION 
Integrating Geophysical Survey in Local Geology Characterization 
Geophysical surveys coupled with borehole logs were used in the characterization of the 
local geology of the study area. The borehole logs were used in the interpretation of the 
geophysical data and location of saturated or vadose zones. The combination of the 
borehole data with the seismic and resistivity data helped improved the accuracy of 
interpretation of the geophysical data.  
 
The geophysical surveys (electrical resistivity and seismic refraction) captured two 
different water table elevations indicating change in the water elevation since the survey 
was done in two different years. Both surveys detected water elevation from 1.5 to 2.0 
meters National Geodetic Vertical Datum of 1929, and three general layers in the 
subsurface. The models were compared to the borehole logs of the deep monitoring wells 
(MW1 to MW5) (Figures C12 to C16), but more emphasis was laid on MW2 since the 
end of profile C-D was close to the location of well MW. The first layer had a moderately 
high resistivity, corresponding to sand and gravel materials or a combination of both with 
some clay. These geologic materials lie at an elevation of 328 m above mean sea level. 
The second layer has low resistivity value consistent with geologic material with high
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clay content. This layer was difficult to auger into and has a calculated thickness of 4 m 
(13 feet).  The number of layer determined depends on the time-distance domain used for 
thickness calculations since some of the layers could be lenses of deposited geologic 
materials.  
 
The seismic analysis indicates the dominance of low resistivity geologic materials in the 
wetland (Profile A-B) and high resistivity on the beach ridge (Profile C-D). Particle size 
analysis revealed the dominance of sand intercalated with some amount of gravel and silt 
on the beach ridge. The wetland is also dominated by sand intercalated with clay and silt 
with minor amount of gravel. The beach ridge is made up of sand and sandy-gravel or 
gravelly-sand lithologies ranging from 3.0 to 3.4 m thick. The coefficients of curvature 
and uniformity of Syrene and Strathcona soils indicated well-graded (poorly- sorted) 
soils, which are typical of glacial tills (e.g. Pinder and Celia, 2006). The Sandberg, 
Radium, and Hedman soils were within the poorly-graded (well-sorted) soil, which is 
typical of beach sand (e.g. McLean, 1970).  
 
Sand is underlain by the less-permeable clay till forming an impervious layer with depths 
ranging from 0.5 to 9.0 m and bounded laterally by wetlands, thus comprising a 
comparatively simple hydrogeological system (Figure 9).  
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Spatial Distribution Analysis 
Soil Nitrate  
Soil nitrate concentration showed high values from the margins of the wetland into the 
wetland, with low concentration on the beach ridge where the animal confinement area is. 
Farther into the wetlands, nitrate concentrations were low compared to the margins (Figure 
19). The same pattern was observed in the B-horizon samples, but with wider spatial 
distribution.  
 
Apart from anthropogenic input (manure), decomposition of organic matter is one of the 
processes involved in increasing soil nitrate in the wetlands, depending on microbial 
activities and substrate (Fenchel and Jorgenson, 1977; McLatchey and Reddy, 1998). 
Wetland areas with high nitrate concentrations were characterized by monotypic and dense 
communities of Typha sp. and Phalaris arundinacea. 
 
Apart from leaching, the high soil nitrate could be attributed to assimilation and nitrogen 
fixation by wetland plants (e.g. Zhu and Sikora, 1995). Graminoid including Typha sp. 
have bacteria associated with their roots (Bristow, 1973; Biesboer, 1984) that can fix 
nitrogen at a higher rate (Eckardt and Biesboer, 1988). These plant species transport 
oxygen into the rhizosphere, creating an oxidized zone (Cronks and Fennessy, 2001) for 
nitrification to occur (Schimel et al., 1989), thereby increasing the soil nitrate 
concentration.  
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Soil Phosphorus 
Soil phosphorus concentrations are high only within the feedlot pens along the beach 
ridge and paths that served to drain liquid waste. These areas were associated with 
management practices including manure handling, piling, and storage (Figure 21). The 
spatial distribution of phosphorus concentration was consistent with the alignment of the 
pens on the beach ridge. Soil phosphorus from the beach ridge had concentrations greater 
than 16 mg kg-1, indicating an excessive amount of phosphorus (Marx et al., 1999; 
Franzen, 2010) as compared to that of the wetlands.  Most of the excess soils phosphorus 
is associated with the Radium and Sandberg soils, apart from sites 25 and 46, which are 
near the margins of the Hedman soils. 
 
Although the soils in the study area have high sorption capacities, the elevated 
phosphorus in the beach ridge soils and low phosphorus in the wetlands indicates that 
phosphorus was immobilized in the Radium and Sandberg soils on the beach ridge, 
during and after the feedlot operation was abandoned, with minimal movement into the 
wetlands. Although the beach ridge sediments are enriched with phosphorus, this may 
have resulted in plant stress due to interference in the uptake of essential micronutrients, 
especially zinc, iron, and copper (McCauley et al., 2009); hence, the sparse growth of 
diverse graminoids on the beach ridge. The concentrations of phosphorus and nitrate 
compared to that of the reference site indicated higher concentrations of nutrients within 
the Radium and Sandberg soils from the feedlot.  
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Analysis of the vertical sample collected from site 35 indicated the nitrate concentration 
decreased from the surface to a depth of 1.2 m, beyond which the concentration of nitrate 
remained constant (Figure 36). Contrarily, the concentration of phosphorus fluctuated 
(Figure 37). This indicates that beyond the depth of 1.2 m there is minimal or no leaching 
of nitrate.  The concentration of phosphorus could be from another source (weathered 
phosphorus-rich mineral within the C-horizon). 
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Figure 36: Vertical distribution of the concentrations of nitrate-nitrogen at sample site 35. 
The elevation is above mean sea level. 
 
 
 
 
 
331.0
331.5
332.0
332.5
333.0
333.5
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
A
ct
ua
l E
le
va
tio
n 
(m
)
Nitrate-N Concentration (mg kg-1)
 158 
 
 
 
 
 
 
Figure 37: Vertical distribution of the concentrations of phosphorus at sample site 
35. The elevation is above mean sea level. 
 
 
 
 
 
 
331.0
331.5
332.0
332.5
333.0
333.5
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
A
ct
ua
l E
le
va
tio
n 
(m
)
Phosphorus Concentration (mg kg-1)
 159 
 
Soil Iron and Calcium 
Iron concentrations in soil O- and A- horizons of the north wetland and beach ridge were 
greater than that of the southern wetland soils (Figure 22). Soil iron may be associated 
with fluctuation in groundwater levels and the oxidation-reduction conditions involved in 
the precipitation of iron at the soil-water interface near the water table. The wetland in the 
north has a large connected open ditch compared to the south, with water table at the 
surface. Oxidation of ferrous iron results in the precipitation of ferric hydroxides, which 
accumulates as reddish-brown stains on soils. This oxidation-reduction process may have 
decreased the concentrations of iron in soils associated with parts of the wetland. Certain 
graminoids (including Typha sp.) help in the mobilization of ferric iron in the rhizosphere 
(Ghaly et al., 2008), which is absorbed by the roots into the cells creating an iron-
depleted rhizosphere. 
 
Calcium, similar to iron, did not show any regular pattern within the O- and A-horizon 
samples but showed a regular distribution pattern away from the beach ridge samples in 
the B-horizon (Figure 23). When compared to the wetlands, most of the beach ridge 
samples had low concentrations of calcium. High concentration of calcium within the 
wetlands could be a possible indication of groundwater discharge zones. The wetlands 
are dominated by Strathcona, Hedman, and Syrene soils, which are characterized by high 
carbonate content (USDA, 2012). There is an upward movement of groundwater solute 
through advection in the wetlands (e.g. Siegel, 1989) and evaporation results in the 
deposition of high concentration of calcium in the soils.      
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Soil Properties 
Soil pH showed the same pattern in both horizons, with the B-horizon samples having 
high pH values compared to that of the O- and A-horizon composite samples in most of 
the areas (Figure 24).  
 
Soil electrical conductivity showed variability with areas associated with groundwater 
discharge and high calcium concentrations having high values. Within the B-horizon, the 
pattern of electrical conductivity might be attributed to subsurface movement of 
dissolved chemical species from the excavated lagoon into southern wetland (Figure 25). 
Elevated electrical conductivity from the wetland areas indicates greater concentrations 
of soluble minerals in the soils. 
 
Soil organic matter, formed from the decomposition of organic materials, varied within 
the study area. High content of the organic matter was found in the A-horizon samples 
collected in the wetlands as compared to that of the B-horizon samples. The high content 
in the wetland undoubtedly relates to a greater abundance of plants and organic material 
decomposition.  
 
Grain size analysis indicated the feedlot area is characterized by sand intercalated with 
gravels, silt, and clay, which reflects the effect of the wave action along the glacial Lake 
Agassiz shore. Sandberg, Strathcona, and Syrene soils have a measured coefficient of 
uniformity of 13.6, 10.0, and 7.8, respectively and a coefficient of curvature of 0.9, 1.0, 
and 1.4, respectively. Radium and Hedmen soils have a coefficient of uniformity of 0.2 
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and 0.1, respectively and a coefficient of curvature of 0.7 and 1.0, respectively. This is an 
indication that the Sandberg, Strathcona, and Syrene soils are well-sorted, while Radium 
and Hedmen soils are poorly sorted (Figures B2 to B6). 
 
Spatial Statistics and Analysis 
Soil Nutrients 
Spatial statistics analysis of the soil nitrate (Figure 19) using global Moran’s I indicated Z-
score between -1.65 and +1.65 (Table 19), suggesting the pattern was not significant, but 
a result of random distribution (Figure 38). The pattern mapped in Figure 19 could also be 
an indication of preference pathways of nitrate from the former pen location. When the 
feedlot was operational, there were no regulations requiring the use of liners.  
 
Cattle compaction of the manure-covered soil effectively decreases infiltration and greatly 
reduces the seepage of leachates (e.g., Kurz 2006). When the feedlot was abandoned, the 
manure seals decomposed, which resulted in the transport of manure constituents through 
preferential surface and shallow subsurface pathways into the wetland. Because the general 
pattern observed is random, local Moran's I (Anselin’s local indicator) was not performed 
on the distribution of soil nitrate. 
 
Spatial statistical analysis of the patterns displayed by soil phosphorus in Figure 21 using 
global Moran’s I indicated Z-score beyond +2.58 standard deviations and p-values less 
than 0.01 for both O- and A-horizon and B-horizon composite samples (Table 19). 
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Figure 38: Normal distribution curve showing different spatial patterns and color index 
for significance prediction (diagram adapted and modified from ESRI, 2013). 
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These show that the spatial distribution pattern of phosphorus, especially on the beach ridge 
in the vicinity of the former pen location, is a result of a significant autocorrelation. Based 
on Figure 38, the Z-score obtained for phosphorus indicates a clustered pattern with less 
than one percent chance that the pattern is random.  Local Moran’s I statistics uncovered 
spatial clustering of phosphorus in soil with sites and local hotspots of phosphorus (Table 
C4). 
 
 
Spatial statistical analysis of the patterns displayed by soil iron and calcium in Figures 22 
and 23, respectively were analyzed. Z-score between -1.65 and +1.65 were obtained for 
the O- and A-horizon composite samples, which is an indication of random distribution. 
Analysis of the pattern displayed by the B-horizon samples indicated Z-scores of 3.06 
and 2.32 for iron and calcium, respectively. Iron displayed high concentrations in the 
southern pen. Calcium in the B-horizon displayed clustered pattern of elevated 
concentrations in both northern and southern parts of the study area.   
 
Soil Properties 
Z-score obtained for the pattern displayed by organic matter content in both O- and A- 
composite samples and B-horizon samples indicate random distribution, while pH and 
electrical conductivity displayed clustered patterns in both horizons (Figures 24 and 25). 
High electrical conductivity measured in the B-horizon is associated with the Hedman 
and Strathcona soils in the southern wetland. 
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Plant Tissue and Vegetation Index 
The plant tissue nutrients analyzed did not show any distinct pattern relative to the 
wetland or beach ridge. This could be attributed to the time the sample was collected, 
prevailing climatic conditions, soil type, soil nutrient availability, or human disturbance 
of the soil. Sites 22, 31, and 32 are located within excavated location characterized by 
sparse vegetation. Areas also characterized by drainage have sparse vegetation due to the 
effect of erosion. Apart from variations in soil nutrients content, plant development and 
elongation may have also contribution to decline in plant tissue nutrient (Hopkinson and 
Schubauer, 1984), since most of the assimilated nutrients by graminoids and other plant 
species are invested in the development of new leaf materials (Chapin and Slack, 1979) 
and shoots, hence low tissue nutrient content. 
 
Although there was no distinct regular pattern, clusters of nutrients with similar 
concentrations were observed in certain locations (Figures D1 to D12), which is in 
consistent with Tobler (1970) law: “Everything is related to everything else, but near 
things are more related than distant things.” Phosphorus, total nitrogen, and total carbon 
in the plant tissue showed a clustering pattern (p < 0.0001), but that of calcium and iron 
had z-scores within -1.65 and +1.65, indicating a random distribution (Figure 38).   
 
Vegetation exhibits a distinct spectral signature that can be used to distinguish various 
vegetation types, especially in the color-infrared image (e.g. Duhaime et al., 1997). 
Within the color infrared regions, live green plants appear bright compared to other 
features or land cover classes. The dark green areas indicate areas (Figure 33) with high 
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vegetation indices, caused by enhanced reflectance of the color-infrared and low 
reflectance of the red radiation from the chlorophyll of healthy vegetation. The red 
radiation is absorbed by the plant for photosynthesis. The brown and yellow areas are 
dominated by senesced, dry or non-photosynthetic vegetation and are characterized by 
low vegetation indices due to the equal or almost equal reflectance of both red and color-
infrared radiations. Both bare dry soils and dead vegetation have characteristically high 
reflectance in the visible spectrum than healthy green vegetation. Within the color-
infrared portion of the spectrum, reflectance is high for healthy green vegetation 
compared to bare dry soils and dead vegetation. As the vegetation begins to senesce, 
reflectance of the color-infrared radiation decreases, but there is an increase in the red 
reflectance by plant due to gradual collapse of spongy-mesophyll layer and dying of the 
chlorophyll (Boyer et al., 1988). Dry and bare soils reflectance of radiation depends on 
their composition, texture, and structure. More consolidated soils with less organic matter 
are characterized by increasing spectral reflectance (Irons et al., 1989) with a longer 
wavelength because longer wavelengths have more reflectance than the short wavelength. 
 
Soils, Plants, and Spectral Indices Relationship 
Vegetation indices showed statistically significant relationship with the soil properties 
(Table 20). The relationship was based on the assumption that the soil properties and 
nutrient concentrations did not change appreciably from 2011 to 2013. Vegetation indices 
showed positive significant relationship with soil nitrate, calcium, organic matter content, 
electrical conductivity, silt, and clay, but negative significant correlation with soil 
phosphorus. 
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Table 20: Correlation matrix between vegetation indices and soil properties (p < 
0.05, N = 63) 
Analytes/Parameters SRI NDVI MSAVI 
SRI 1   
NDVI 0.96 1  
MSAVI 0.93 0.99 1 
TC -0.06 -0.06 -0.06 
TN -0.01 0.00 0.00 
 TP -0.01 0.00 0.00 
NO3-N* 0.60 0.57 0.55 
P*  -0.38 -0.43 -0.45 
Fe*  0.02 0.02 0.02 
Ca* 0.41 0.44 0.44 
SOM* 0.63 0.66 0.66 
pH* 0.02 -0.03 -0.05 
EC* 0.31 0.35 0.36 
Gravel*  -0.13 -0.12 -0.11 
Sand* -0.15 -0.20 -0.21 
Silt* 0.28 0.30 0.30 
Clay* 0.29 0.34 0.35 
* indicate analytes from the soil samples. The bold values indicate significant 
correlation greater than 95% confidence level. Nitrate-nitrogen (NO3-N),  
phosphorus (P), calcium (Ca), and iron (Fe) are in mg kg-1. pH is in standard units 
while electrical conductivity (EC) is in µS cm-1.  Total carbon (TC), total nitrogen 
(TN), total phosphorus (TP), organic matter content (SOM), gravel, sand, silt, and 
clay are in percent. Simple ratio index (SRI), normalized difference vegetation  
index (NDVI), and modified soil-adjusted vegetation index (MSAVI) are unitless. 
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Among the vegetation index, only MSAVI showed significant relationship with the 
amount of sand, which could be due to the parameter used to correct soil brightness in 
vegetation index analysis. The contrast relationship between phosphorus and vegetation 
index indicates that it is unlikely there is a linear relationship between soil nutrient 
concentration and soil fertility. There may be abundant phosphorus in the soil but 
sequestration makes it unavailable for plant uptake, resulting in a low vegetation index. 
This may cause deficiency in micronutrients including iron, zinc, and copper in plants 
(McCauley et al., 2009). Also possible is that soil nitrate concentration may limit the 
intensity and robustness of vegetation in areas that have ample phosphorus.  
 
Texture affects other physiochemical properties of the soil. For example, finer textured 
soils at the feedlot take-up and hold more water than coarser soils (Table C1). Soil texture 
influences the fertility of the soil, which directly influences vegetation indices. Although 
sand content did not showed any significant correlation with the vegetation indices, the 
images showed reflectance of both the red and near-infrared radiation almost equally on 
the beach ridge (Figure 33a). The beach ridge, which is underlain by Sandberg and 
Radium soils, has high iron content with sparse vegetation, resulting in a low vegetation 
index. These soils are well-drained and characterized by high phosphorus due to 
sequestration and low nitrate due to leaching and denitrification. In contrast, areas 
associated with poorly drained soils have high nitrate and low phosphorus. Clay and silt 
showed significant positive relationship with the vegetation indices. According to 
Satterwhite and Henley (1987), many soils reflect more radiation than the plants growing 
on the soils, but in some cases the reflectance is similar for both plant and the soil, 
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especially in wet soils. This may be the case for the finer textured loams in the area (e.g., 
Hedman loam, Table C1), hence the direct relationship with the vegetation indices. 
 
The relationship between the vegetation indices and organic matter content is similar to 
that of the silt and clay content relationship to the indices, which also shows a direct 
relationship between clay and silt content to organic matter content. Fine-grained 
sediments (clay and silt) and organic soils have high cation exchange capacities 
(Horowitz, 1991; Caravaca and Albaladejo, 1999) and water retention capabilities, which 
are important for plant growth, hence the direct relationship with the spectral indices. 
 
Once calibrated, the relationship between organic matter content and the vegetation 
indices can be used as a proxy for delineating minor trends and variations in the 
distribution of soil fertility. Most of the organic matter in the study area occurs in the 
wetlands, which are characterized by high vegetation indices and greater amounts of clay.  
 
Vegetation indices, which are computed directly from the pixel digital numbers within 
the multispectral images, showed slightly difference in contrast and distribution in 
vegetation intensity (Figures 33 (b, c, and d) and 34). NDVI is the preferred index when 
characterizing and estimating vegetation (Cho et al., 2008; Julien and Sobrino, 2009; 
Panda et al., 2010). This study, based on analysis and ground truth, has shown that 
MSAVI is a better tool in vegetation analysis. Although the vegetation indices were 
computed using reflectance from the red and infrared, MSAVI provides a larger 
correlation and also a good representation of data when compared to the other indices, 
which could be attributed to the elimination of the soil background effect.  
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Interestingly, soil nitrogen distribution did not show any spatial relationship with 
vegetation index, but soil phosphorus related with the vegetation index. Areas with high 
soil phosphorus concentration had low vegetation indices. The abundance of phosphorus 
in the beach ridge soil may cause the reflectance of balanced red and color infrared 
radiations. No observed spatial relationship between soil nitrate distribution and 
vegetation index could be due to the variability in soil nitrate concentrations. This could 
be attributed to processes including nitrification, ammonification, denitrification, 
leaching, and plant uptake, which could have affected the soil nitrogen concentration.  
 
Soil nitrate showed significant positive relationship with electrical conductivity (r = 0.28, 
p <0.014, n = 63), organic matter content (r = 0.70, p <0.00001, n = 63), and calcium (r = 
0.34, p <0.003, n = 63). Relationship between nitrate and calcium may be an indication of 
a common source. Plants have high calcium (Simon, 1978; White and Broadley, 2003) 
and nitrate concentrations (e.g. Cataldo et al., 1975; Miller and Smith, 1996) in their 
tissues that are incorporated into the soils through decomposition after plants senesce and 
fall.  
 
Soil phosphorus showed a significant negative relationship with electrical conductivity (r 
= -0.23, p <0.04, n = 63), and organic matter content (r = -0.36, p <0.002, n = 63) (Table 
21). This relationship is associated with the adsorption of phosphorus by organic rich 
soils. In alkaline soil enriched with organic matter and dissolved ions, less phosphorus is 
adsorbed due to the competition for sorption sites between phosphorus complexes and 
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other ligands or anions. Phosphorus showed significant positive relationship with iron (r 
= 0.41, p < 0.0004, n = 63), which could be due to the binding effect of iron on 
phosphorus in sandy calcareous soils. 
 
Soil organic matter content showed significant positive relationship with electrical 
conductivity (r = 0.38, p <0.002, n = 63) but a negative relationship with pH (r = -0.21, p 
<0.05, n = 63). Soil organic matter plays significant role in the binding or releasing of 
nutrients through accumulation or decomposition. Soil organic matter also helps in 
stabilizing soil pH by releasing or adsorbing hydrogen ions. According to Wells et al. 
(1957), the amount of organic matter in the soil reduces soil pH. Soil organic matter 
content showed significant positive relationship with iron (r = 0.29, p <0.05, n = 63) and 
calcium (r = 0.35, p <0.003, n = 63). These elements are part of the exchangeable cations 
in the soil and are capable of substituting hydrogen ions in the functional group of 
organic matter. The relationship between soil organic matter content and electrical 
conductivity could be due to the high water retention ability and reactivity of organic 
matter (Redman et al., 2002; Hartog et al., 2005).  Organic matter plays important role in 
the oxidation-reduction processes by acting as a proton donor as it decomposes or proton 
acceptor at its formation (Brewer et al., 1975; Xu et al., 2006). Organic matter buffers pH 
and reacts with other species to forms stable complex compounds (Struyk and Sposito, 
2001).  
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Groundwater Movement and Hydrogeochemistry 
Groundwater movement is important to redox conditions, nutrient availability, and 
biogeochemical processes. Groundwater undergoes various chemical reactions as it flows 
through the sandy beach ridge into the wetlands, resulting in the speciation of ions and 
change in pH. pH can also affect the solubility of minerals, with lower pH accelerating 
the release of cations from minerals. The measured pH range at the study area is the 
result of the dissolution and buffering effect of the carbonates in the soils. Dissolution 
caused the speciation of ion, which influenced the measured electrical conductivity of the 
surface and groundwater.   
 
Fluctuation of the groundwater elevation at the water-soil interface causes change in 
oxidation-reduction conditions, which results in the precipitation of ferric iron (presence 
of reddish-brown stains). Groundwater recharge and discharge cause fluctuation in the 
water level, which can influence groundwater geochemistry. The rise and fall in the water 
table creates oxidation-reduction conditions, which influences the release of adsorbed 
phosphorus from aluminum, iron, and calcium oxides/hydroxides, and also affects the 
leaching of nitrogen compounds or ions from the O- and A-horizons. These released 
nutrients move vertically or laterally through into various receptors (ponds and wetlands), 
where they are there available for plants and microorganisms.         
 
Groundwater elevation showed a steady change between summer and fall (Figures 10 to 
12) and also it showed relationships with pressure, temperature, and geological materials. 
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Pressure changes under temperature extremes, and can affect groundwater elevation. 
Water level in a well fluctuates due to changing atmospheric pressure (Furbish, 1991). 
Decrease in air pressure causes a rise in water level in the well and vice-versa for increase 
in pressure. Since temperature is directly related to pressure, decrease in pressure causes 
a drop in temperature, which is compensated for in the water levelogger to maintain good 
reading (Tables B1 to B3, Figures B2 to B4). Groundwater elevation steadily declined 
with increasing pressure (compensated with temperature) in the sandy units because there 
was little recharge. The same relationship existed for groundwater within clayey units but 
the recovery as indicated in the hydrograph (Figure 12) is due to recharge or movement 
of groundwater from the beach ridge into the wetland. 
 
Nitrate, nitrite, and ammonium are very mobile and move through preferential subsurface 
pathways into the wetlands where they undergo biogeochemical changes for plants and 
microbes assimilation. This was observed in the resistivity profiles, the spatial 
distribution of groundwater nitrate distribution, and the connectivity between well MW3 
and the excavated lagoon. During purging of well MW3, surface water from the 
excavated lagoon recharges Well MW3, which prevents the well from drying up. 
 
Low concentrations of nitrate occur naturally in unpolluted groundwater (Oms et al., 
2000; Ravikumar and Somashekar, 2011), with background concentrations less than 2 mg 
L-1 (Mueller et al., 1995) or 3 mg L-1 (Madison and Brunett, 1984) as nitrate-nitrogen, but 
human (anthropogenic) activities and biogeochemical processes have resulted in elevated 
concentrations.  
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The low concentration of nitrate in the wetlands is associated areas characterized by 
dense community of graminoids during the time of sample collection (Figure 17). These 
plants absorb nitrate from water for luxuriant growth (Sharrow and Wright, 1977). Nitrate 
reduction in the wetlands caused the formation of different nitrogen compounds or ions 
through various biogeochemical processes, including denitrification, ammonification, and 
dissimilatory nitrate reduction to ammonia (as discussed in the literature review section). 
 
In contrast, groundwater phosphorus greater than 0.04 mg L-1 was measured in samples 
obtained in most parts of the wetland and the beach ridge, apart from wells MW4, DVPT, 
SPN, and uncased pit (OP2 or DUG). This is attributed to the release and subsequent 
dissolution of some of the adsorbed phosphorus, which moves into the wetlands. This 
may account for the elevated concentration of phosphorus in the groundwater at the study 
area. Apart from the release of adsorbed phosphorus, elevated concentrations of 
phosphorus in the wetlands could be attributed to the contribution of organic phosphorus 
from decomposed organic materials (e.g. Craft and Richardson, 1993; Pant and Reddy, 
2001).  
 
Groundwater samples in the nested wells showed decreasing concentrations of 
phosphorus with depth especially in the C-horizon. This indicates lower phosphorus 
concentration in the C-horizon and samples obtained from the till. Since the feedlot was 
abandoned, nitrate concentration steadily dropped until 2009, after which the 
concentration remained less than 2.5 mg L-1 (Figure 16). 
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Groundwater nitrate showed significant positive relationship with groundwater nitrite (r = 
0.44, p < 0.05) but negative relationship with ammonium-nitrogen (Table 22). The 
significant relationship between these species could be a result of decomposition or 
mineralization of organic rich material. This relationship forms part of the nitrogen cycle 
with organic carbon acting as an electron donor. Soluble reactive phosphorus showed 
significant positive relationship with total phosphorus (r = 0.55, p < 0.01) (Table 22); 
soluble reactive phosphorus is the dissolved form of phosphorus available for organisms. 
The relationship between total phosphorus and nitrate could be attributed to the 
decomposition or mineralization of organic material. This is evident in the relationship 
between total organic carbon and soluble reactive phosphorus (Table 22). 
 
Isotopic Composition and Processes 
Most of the 15N(nitrate) values fell within +0 to to +20 ‰, which is an indication of 
manure as the major source of the nitrogen in the groundwater (e.g. Wassenaar, 1995;  
Fogg et al., 1998). Kendall (1998) and Kreitler (1975) also classified 15N(nitrate) values 
ranging from 0 to 25 ‰ as nitrogen from animal manure source. Although manure 
deposition may be the main process contributing to groundwater nitrate concentration, 
isotopic signatures indicate that other processes including groundwater nitrogen mixing 
from different sources, nitrification, volatilization, and denitrification may have 
influenced the isotopic signature of the groundwater. 15N(nitrate) values less than +10.0 ‰ 
is an indication of contribution from: 1) soil organic nitrogen, 2) ammonium in rainfall, 
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and/or 3) nitrate from precipitation (Kreitler, 1975; Amberger and Schmidt, 1987; 
Wassenaar, 1995), which were introduced to the groundwater.  
 
The values of 15N(nitrate) signifying these processes have their corresponding 18O(nitrate) 
values. 18O(nitrate) values between +22 and +43 ‰ is an indication of denitrification 
(Komor and Anderson, 1993; Kendall, 1998), which can causes  18O enrichment in 
residual nitrate (Bӧttcher et al., 1990; Ging et al., 1996), and decrease in nitrate 
concentration (Knowles, 1982). 18O(nitrate) obtained from the groundwater samples 
indicates enrichment of 18O in the nitrates. Analysis of 18O(nitrate) and15N(nitrate) 
indicates a regression (Figures 39 and 40), which is an indication of denitrification 
(Komor and Anderson, 1993). Apart from denitrification, which may have caused an 
enrichment of 15N, plant uptake may also be a factor. Soils are enriched with 15N 
(Gebauer et al., 1994), but plants prefer the uptake of lighter 14N isotope (Sunderland et 
al., 1993) and when the plants die and decompose, the soil is enriched with light nitrogen 
isotope.  
 
In water, 18O(water) had values ranging from -17.5 to -9.3 ‰ in 2013, while H(water) 
ranged from -123.7 to -54.8 ‰, which is an indication of less deviation of water data 
from the slope and H intercept of the Global Meteoric Water Line (H = 818O + 10 
‰) (Figure 41).  Samples close to the line indicates recharge from local precipitation 
with little evaporation or condensation temperature (Voelker et al., 2014). The O-H 
isotopes indicate that the groundwater is depleted in heavy isotopes. The lighter isotopic  
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Figure 39: Isotopic ratios of oxygen and nitrogen from nitrate in the groundwater 
obtained from the feedlot from 2009 to 2013. The red and blue dotted boxes 
indicate nitrogen stable isotopes of nitrogen and oxygen in nitrate obtained from 
manure and precipitation, respectively (Diagram modified from Kendall, 1998). 
The purple line is the trend of denitrification at the site, which is consistent with 
work done by Mayer et al. (2002) and Wankel et al. (2009). 
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Figure 40: Isotopic ratios of nitrate oxygen (18ONitrate) and nitrate nitrogen (15NNitrate) 
in the groundwater obtained from wells DVPT, FLE, and FLW with A, B, C, and D 
indicating samples collected from 2009, 2010, June 2013, and July 2013, respectively. 
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 Figure 41: Plot showing the Global Meteoric Water Line (GMWL) and isotopic 
 composition of samples collected in 2013. 
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composition of the groundwater indicates precipitation from temperate zones (Fetter, 
2001).  Although samples from temperate areas have lighter isotopic compositions 
(Benjamin et al., 2004), the depletion of the heavy O-H isotopes at the site is an 
indication of the occurrence of groundwater that was recharged by snowmelt prior to the 
2012 drought. The groundwater system at the site originated mainly as a meteoric water 
and has undergone slight or no evaporation.  
 
Characterization of Chemical Species using Multivariate Analysis 
Eighteen sampled sites were categorized into three (3) clusters using the Q- and R-mode 
hierarchical cluster analyses. With the Q-mode analysis, FLW, FLE, SPN, DVPT, and 
MW4 comprise the first cluster and BRW, MW3, VWP, PGB, NO6, PGN, G8 and MW2 
the second cluster, and SWW, NWW, DUG, POND, and NO3 the third cluster (Figure 
42). NWW and SWW had their distance of linkage greater than that of the other clusters. 
This linkage could be attributed to the relatively high concentration of the total carbon, 
inorganic carbon, and phosphorus. There is a distinct relationship between the clusters 
and well locations. The first cluster wells fall along the beach ridge (recharge areas), 
while the third cluster is related to the wetland wells (discharge zone). The second cluster 
wells are associated with the transition zone between the beach ridge and the wetlands.  
 
With R-mode hierarchical cluster analysis, the chemicals species were grouped based on 
their concentrations (Figure 43). Total phosphorus was linked to nitrate and nitrite, while 
soluble reactive phosphorus, total organic carbon, total carbon, and inorganic carbon 
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were also linked together. Ammonium was the outlier because of its low concentration in 
the water samples.  
 
Factor analysis was done using varimax rotation and eigenvalues greater than one were 
used for the analysis because they contributed over seventy percent of the total variance 
in the data (Table 23). The first, second, and third eigenvalues values were used for the 
factor analysis because they were greater than one and also reflected the greatest 
heterogeneity in the data distribution. Chemical species with factor loadings greater than 
0.50, were considered to be the main cause of variability in the data (Table 24). 
 
With the R-mode factor analysis, three main factors were generated that may be the cause 
of variations in the hydrochemistry. Factor 1 accounted for eighty-two percent of the total 
variation in the data, and this was caused by total carbon, inorganic carbon, total organic 
carbon, and soluble reactive phosphorus. Factor 2 accounted for seventy-nine percent in 
the variability of the hydrochemistry. This variation was caused by nitrite-nitrogen, 
nitrate-nitrogen, and total phosphorus, which had positive high loadings. The variations 
in factor 1 and 2 could also be due to the relationship between the chemical species and 
water level in the wells. With factor 1, total carbon, inorganic carbon, total organic 
carbon, and soluble reactive carbon were the main causes of variability. These may be 
from the decomposition of organic material depending on the water level, microbial 
activity, and oxidation-reduction conditions resulting in the reduced carbon concentration 
(Tulina et al., 2009). In the presence of moisture or water, available soluble reactive 
phosphorus is depleted by plants and other microbes. With factor 2, the variability was 
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caused by nitrite-nitrogen, nitrate-nitrogen, and total phosphorus. With factor 3, thirty-
nine percent of the variability was caused by only ammonium-nitrogen, thirty-one percent 
caused by the other nutrients, and thirty percent by the carbons. The nutrients, total 
carbon, and inorganic carbon were not considered because they had factor loadings less 
than 0.50. The variability caused by ammonium-nitrogen was insignificant and this could 
be attributed to variable redox processes and biotic activities within and surrounding well 
screens. 
 
The factor analysis sorted the hydrochemical data into three groups, similar to that of the 
cluster analysis (Table 25; Figure 44), which indicates the similarity between the R-mode 
cluster analysis and the R-mode factor analysis.  
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Figure 42: Dendrogram showing the Q-mode clustering of the groundwater data. DUG  
is also represented as OP2.  
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Figure 43: Dendrogram showing the R-mode clustering of the groundwater data. TP, 
SRP, TOC, TC, and IC represent total phosphorus, soluble reactive phosphorus, total 
organic carbon, total carbon, and inorganic carbon, respectively. NITRATE, 
NITRITE, and AMMONIUM were measured as nitrogen. 
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 Table 24: Factor loadings matrix obtained from the varimax rotation 
Chemical Species Factor 1 Factor 2 Factor 3 Communality 
TC  0.947 -0.019  0.162 0.923 
IC  0.868  0.071  0.286 0.840 
TOC  0.721 -0.264 -0.267 0.661 
NO2-N -0.228  0.683 -0.114 0.531 
NO3-N -0.251  0.776 -0.359 0.794 
NH4-N -0.016 -0.141  0.905 0.839 
SRP  0.586 -0.114 -0.106 0.368 
TP  0.180  0.818  0.134 0.719 
 The bold values are values that accounted for the variability within the data. 
 
 
 
 
   
Table 25: Factors scores used in plotting the clusters 
Location Well *F1 *F2 F3 
Beach 
Ridge 
FLW -0.64 2.27 -0.32 
FLE -0.83 1.46 -0.13 
SPN -1.20 -0.84 -0.43 
DVPT -1.10 -0.67 -0.61 
MW4 -1.23 -1.04 -0.11 
G8 -0.97 -0.72 -0.72 
Intermediate 
BRW 0.31 1.62 -0.43 
MW3 -0.10 0.84 -0.12 
VWP -0.40 -0.51 -0.25 
PGB -0.05 -0.51 0.55 
NO6 0.33 0.24 0.44 
PGN -0.45 -0.10 -0.55 
MW2 -0.11 -0.68 -0.68 
NO3 0.42 0.22 1.78 
Wetland 
SWW 1.74 0.63 -0.15 
NWW 1.91 -0.23 -1.58 
OP2  1.71 -1.26 1.11 
POND 0.66 -0.72 -0.99 
           * The two factor scores estimates that were plotted in Figure 40.
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Figure 44: Scatter plot of the Factor 1 and 2 Scores from the varimax rotation 
showing three clusters.  
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Influence of Groundwater Movement on Hydrochemistry, Soil Nutrient, and Plant Tissue 
Nutrient 
 
Fluctuations in the water table elevation regulate biogeochemical processes and also 
determine the nature of wetland soils (McNamara et al., 1992; Fraser et al., 2001; 
Boomer and Bedford, 2008). Within wetlands, the water table is near the ground surface. 
Fluctuation in the water elevation causes chemical reactions and changes in redox 
conditions, which can result in the release or sorption of soil nutrients. Soil nutrients 
behave differently with nitrate being very mobile, while phosphorus is less mobile or 
immobile depending on the soil pH, redox condition, presence of organic material, and 
moisture content. 
 
Elevated soil phosphorus occurs along the beach ridge, where it is immobile or has 
minimal movement. Groundwater total phosphorus concentration in the beach ridge is 
also high, with lower concentrations at the margins of the wetlands (Figure 45). 
Groundwater concentration increases from the margins of the wetlands with elevated 
concentrations in the wetlands. This is an indication that groundwater phosphorus has 
two sources: immobile soil phosphorus and phosphorus from organic matter. During 
precipitation, snowmelt, flooding, or increase in soil moisture, the sequestered 
phosphorus in the beach ridge soil is slowly released in solution, which probably moves 
in the direction of the groundwater. The release of adsorbed phosphorus normally occurs 
under anaerobic condition at the water-soil interface where there is fluctuation in the  
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Figure 45: Relationship of groundwater total phosphorus to soil phosphorus. Soil data 
was interpolated using radial basis function while groundwater data was interpolated 
using in kriging interpolation method. 
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elevation of the water table. This results in the flushing of adsorbed phosphorus (e.g. 
Devito et al., 2000) from the soil to release adsorbed phosphorus into solution. The 
release of phosphorus results in spikes of elevated concentrations in groundwater and 
surface water (Figure 17). 
 
Although the wetland soils have low concentrations of phosphorus, the surface and 
groundwater samples collected from some of the wetland wells had elevated 
concentrations. Compared to the beach ridge soils, wetlands have larger amounts of 
organic matter that plays a role in nutrient sequestration. The water level in wetlands 
fluctuates thereby causing a rapid flushing of adsorbed phosphorus from the water-soil 
interface or release of phosphorus from wetland soils and organic matters. When the 
wetlands are saturated or flooded, decomposition of organic matter is slow. Biological 
and physicochemical reactions are involved in the dissolution of nutrients from organic 
matter and accumulation of dissolved organic compounds (Wright and Reddy, 2009), 
which can be incorporated into the groundwater and surface water. Also, drying and 
rewetting of soil can deplete soil phosphorus but also result in phosphorus pollution of 
surface and groundwater (e.g. Turner and Haygarth, 2001). 
        
Nitrogen had variable concentrations in both soil and water, with most wetland areas 
having low to non-detected concentrations in surface and groundwater (Figure 46). The 
concentrations within the wetlands were due to activities of microbes and plants through 
processes including denitrification, volatilaveklization, plant uptake, and microbial 
assimilation, which may have caused variable nitrogen concentrations. The beach ridge  
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 Figure 46: Relationship of total nitrogen in groundwater to soil nitrate. Soil data was 
interpolated using radial basis function while groundwater data was interpolated using 
in kriging interpolation method. 
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Figure 47: Relationship of total phosphorus in groundwater to plant tissue total 
phosphorus. Plant tissue data was interpolated using radial basis function while 
groundwater data was interpolated using in kriging interpolation method. 
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 Figure 48: Relationship of total nitrogen in groundwater to plant tissue total nitrogen. 
Plant tissue data was interpolated using radial basis function while groundwater data 
was interpolated using in kriging interpolation method. 
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has low soil nitrate but high nitrate concentration in groundwater. This was caused by 
accumulation of leached soil nitrate into the groundwater system. Groundwater enriched 
with nitrate moves through pathways into receptors (wetlands). As the groundwater 
moves from the beach ridge into the wetlands, microbes play important roles in the 
oxidation-reduction condition (e.g. DeSimone, 1998), which result in reducing the 
concentration of nitrate in the groundwater. The reduction process occurs during the 
decomposition of organic material, where the nitrate is used as a terminal electron 
acceptor in the process of denitrification. Denitrification is the one of the processes that 
removes nitrate from wetland water (Hill, 1996). The process is influenced by microbes, 
hydrology, soil processes, and vegetation type (Hanson et al., 1994). 
 
Plant uptake and microbial assimilation are also important processes involved in the 
reduction of nitrate from groundwater in wetlands (e.g. Lowrance et al., 1984; Findlay et 
al., 2003). The wetlands have large communities of graminoids with Typha sp., Carex 
sp., Phalaris arundinacea, and Bromus inermis. Although surface water and groundwater 
are a contributory factor in plant species diversity (Stromberg et al., 2007; Mata-
González et al., 2012), plant species richness declines as soil nutrient availability 
increases (Bedford et al., 1999). The wetlands are dominated by Bromus inermis, Typha 
sp., and Phalaris arundinacea, which are aggressive in the assimilation of nutrients and 
have elevated concentrations of nitrogen and phosphorus in their tissues (Chiang et al., 
2000) due to luxury uptake (Kadlec and Wallace, 2009). The dominance of Typha sp. in 
the inner wetland is due to the increased water depths and the extended hydroperiods 
(Urban et al., 1993; Miller and Zedler, 2003); this may have affected species diversity  
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(Bedford et al., 1999; Angeloni et al., 2006; Farrer and Goldberg, 2009) and enhance 
cattail growth (e.g. Mata-González et al., 2012). 
 
Most of the plants with elevated phosphorus concentrations in their tissues are located 
within areas characterized by elevated concentrations of groundwater phosphorus (Figure 
47). However, plant tissue nitrogen varied with groundwater nitrate concentration (Figure 
48), and this can be attributed to species diversity and biogeochemical processes on the 
beach ridge and within the wetlands.  
 
Phosphorus Budget 
Nutrient quantification was based on the differences between the nutrients at the 
reference site and the feedlot (Table 27 to 29). The concentration of phosphorus in soil 
from the reference site (Table 26) was used in the budget quantification. Mass budget of 
the phosphorus at the pen location indicated more phosphorus within the soils compared 
to the plant tissues and the groundwater. Phosphorus is normally sequestered most of the 
time at the feedlot, hence its high concentration in the soils.   
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 Table 29: Phosphorus budget 
Medium Mass (Feedlot) (kg) 
Mass (Ref. Site) 
(kg) 
Difference 
(kg) 
A-Horizon (Sandberg) 8,300 680 7,600 
B-Horizon (Sandberg) 2,700 760 1,900 
A-Horizon (Radium) 4,100 2,500 1,600 
B-Horizon (Radium) 5,900 2,600 3,320 
Total 14,000 
    
Plant tissue 110 53 57 
Total 57 
    
Groundwater 14 - 14 
Total 14 
 
 
 
The concentration of phosphorus in livestock manure is variable due to differences in the 
feed, antibiotics, and supplements. According to Sharpley (1996), the average 
concentration of phosphorus in manure from a beef feedlot is 4,000 mg kg-1. The average 
depth of a cattle-compacted layer of soil and manure in a pen is approximately 76 mm 
(Sweeten et al., 1985) and the estimated bulk density of manure is 1.0 g cm-3 (ASAE, 
2003). Assuming the pen area has a uniformly distributed concentration of 4000 mg kg-1 
of phosphorus in the 76 mm of cattle compact layer of soil and manure, the estimated 
mass of phosphorus within the animal holding area was 40,000 kg based on Equation 
(3.16). An average cow excretes 10 kg of phosphorus in manure annually (Sweeten, 
1979) and assuming 90 percent of the manure is scraped from the soil in the pen. This 
implies about a kilogram of the phosphorus is left in the soil. Therefore, the amount of 
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phosphorus deposited in the soil after 20 years of operation for 2,000 to 2,500 cattle is the 
product of the amount of phosphorus left for twenty years and total number of cattle. The 
value obtained for the amount of phosphorus initially deposited in the soil ranges from 
40,000 to 45,000 kg, which is similar to the value obtained using Equation (3.16). The 
estimated amount of phosphorus in the soil was 21,000 kg (Table 27). Therefore 
approximately 19,000 kg (48 percent) of the originally deposited phosphorus from the 
manure has been lost after 20 to 25 years when the feedlot was abandoned.  
 
In the fertilizer industry, phosphorus-rich fertilizer is made from phosphate rock, which 
must have at least 30 percent phosphorus pentoxide (Jasinski, 2004; Abouzeid, 2008). 
Phosphate rocks are sedimentary and igneous rocks with 5 to 13 percent phosphorus 
(Smil, 2002; Gilbert, 2009). According to Mielke (1979), the concentration of 
phosphorus range from 600 to 920 mg kg-1 in granitic rocks, 1100 mg kg-1 in basaltic 
rocks, 170 mg kg-1 in sandstone, and 700 mg kg-1 in carbonate rocks. The viability of 
phosphate rocks for fertilizer production depends on the level of impurities, phosphorus 
content, and production cost (Gilbert, 2009; Syers et al., 2011).  Although the phosphate 
rocks have higher concentrations of phosphorus than the feedlot soils, only small 
quantities of the phosphate rocks are exploited for fertilizer production due to lack of 
advanced technology (Jasinski, 2005) and high impurities content (Notholt and Sheldon, 
1986). The high concentration of trace elements and the exploitation of uranium from the 
phosphate rocks (e.g. Krea and Khalaf, 2000; Singh et al., 2003) are some of the factors 
affecting the quantity of phosphorus rock mined. 
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Phosphorus from processed phosphate and mined phosphate rocks used for fertilizer has 
concentrations of 307 mg kg-1 and 22 mg kg-1, respectively (Saeid et al., 2014).  These 
phosphorus concentrations are within the range of feedlot soils. According to FAO 
(2006), only 15 to 30 percent of the applied phosphorus fertilizer is used by crops, with 
most of the fertilizer adsorbed by the soil. Absorbed phosphorus released from the soil 
into forms available to plants is a function of time and its concentration in the soil (Morel 
et al., 2000). According to Grant et al. (2005), the rate of phosphorus uptake is related to 
the amount of phosphorus in the soil solution and also the rate of water uptake. Since 
high concentration of phosphorus in the soil can cause excessive consumption by plants, 
it is advisable that abandoned feedlots converted to cropland should not be fertilized with 
phosphorus. This will also help prevent eutrophication of nearby streams. 
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CHAPTER 6 
SUMMARY, CONCLUSION, AND RECOMMENDATIONS 
Summary and Conclusion 
Feedlot operations generate large amounts of manure that contain nutrients, antibiotics, 
supplements, and other constituents, which when improperly managed can have potential 
deleterious effects on the environment. Nitrogen in wet manure can cause short-term 
contamination of soils and groundwater beneath active feedlots due to the effect of 
denitrification, volatilization, and leaching. This processes results in the formation of 
other forms of nitrogen compounds with low concentrations that are non-toxic to the 
environment.  
 
Contrarily, most of the phosphorus in the wet manure is sequestered in soils with high 
organic matter, iron, calcium, and carbonates, making it unavailable for plant 
assimilation. Sequestration normally takes place at the source of the contamination, 
where there is less mobility of phosphorus.  
 
Anaerobic conditions that may have developed during flooding, precipitation, or snow 
melting may cause the release of sequestered phosphorus into soluble forms that are 
either assimilated by plants or transported through preferential pathways into the 
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surrounding receptors. This can boost plant vigor and growth of algae, which can result in 
eutrophication in the receptor. In view of this, the former Crookston Cattle Company 
feedlot, located in the Glacial Ridge National Wildlife Refuge near Crookston, Minnesota 
was used as a model to study the fate of nutrients in soil, water, and plant tissue after the 
feedlot had been abandoned and estimate the initial concentration of phosphorus 
deposited. 
 
With this study, phosphorus was the only nutrient considered for the budget because it 
has no gaseous forms under natural conditions and it is less mobile. Sorption and textural 
analysis of the soils support the hypothesis that phosphorus can cause both short- and 
long-term contamination in well-drained soils. The adsorbed phosphorus can be released 
in anaerobic conditions caused by prolonged water saturation of the soil. Elevated 
concentration of sequestered phosphorus is located within the former pen location made 
of well-drained well-sorted Sandberg and Radium soils. Due to the coarse texture of the 
soil, the nitrate initially deposited from the manure was leached into the B-horizon and 
moves ultimately into the wetlands. This contributed to the plant vigor captured by 
spectral imagery and vegetation index analysis. 
 
Groundwater analysis indicated elevated concentrations of total phosphorus beyond the 
criteria for the occurrence of cultural eutrophication (0.05 mg L-1). This was attributed 
the release of the immobilized phosphorus. Contrarily, nitrate showed steadily decline in 
concentration from 2003 when groundwater monitoring began at the site. Isotopic 
analysis confirmed manure as the main source of nitrogen in the water with minor 
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contributions from the soil and precipitation. Isotopic analysis also indicated 
denitrification as the main process reducing nitrate concentrations at the site. Stable 
isotopic analysis on samples collected prior to the 2012 drought indicated heavy isotopes 
of oxygen and deuterium while post-drought samples indicated depleted isotopic 
composition. This could probably be due to the recharge of the groundwater system under 
the feedlot by isotopically light water, probably snowmelt, which may have helped in the 
release of soil phosphorus.  
 
The quantified mass of excess phosphorus in the soils, groundwater, and plant tissue from 
the pen of the feedlot with respect to values obtained from the reference site (Table 28) 
was approximately 14,000 kg (Table 29). The amount of phosphorus in the soils was far 
greater than plant tissues and groundwater combined. Comparing the amount of 
phosphorus originally deposited from manure (40,000 kg) to that of the soils and plant 
tissues (21,000 kg), approximately 48 percent of the originally deposited phosphorus has 
been lost to the various receptors at the feedlot since it was abandoned 20 to 25 years ago.  
 
Plant vigor analysis using spectral indices indicated a strong relationship between soil 
properties and vegetation indices. NDVI, which is the frequently used index by 
researchers for vegetation analysis, had the lowest index values, while SRI had the 
highest values, but spectral analysis coupled with reconnaissance and ground truth 
indicated MSAVI as the best method for representing vegetation. This is attributed to the 
reduced sensitivity of the MSAVI to atmospheric conditions and the changes in 
vegetative cover as compared to the NDVI.  
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This study has revealed and supported the hypothesis that vegetation indices can be used 
as a proxy in determining soil nutrient conditions, even in areas characterized by high 
concentrations of immobilized nutrients, especially phosphorus. Although many 
researchers have indicated the use of vegetation indices as a proxy for identifying soil 
nutrient condition and hotspots when making informed decision by farmers and 
agronomist on soil fertilizer application, this study reveals that the use of only vegetation 
index in delineating areas of high and low soil nutrient availability can give undesirable 
results. Plant vigor, tissue nutrients, and soil fertility based solely on nitrogen and 
phosphorus concentration may not be correlated if soil nutrients are not labile or available 
for plant uptake. 
 
Recommendations 
One important observation made based on the data obtained in this research is harnessing 
soil phosphorus from feedlots abandoned more than a decade as fertilizer. Feedlot 
operations generate large amounts of phosphorus that is immobilized within soils at 
confined animal holding areas. Cole and Todd (2003), Gilley et al. (2008), Vaillant et al. 
(2009), Netthisinghe et al. (2012), and other researchers studied the distribution of 
nutrients in soils within active feedlot pens.  
 
Cole and Todd (2003), Gilley et al. (2008), Vaillant et al. (2009), and Netthisinghe et al. 
(2012) measured soil phosphorus concentrations exceeding 1000 mg kg-1. Clark et al. 
(1975), Coote and Hore (1977), Miller et al., (2004), Rahman et al. (2013), and measured 
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total phosphorus concentration in runoff from active feedlots and obtained 
concentrations: 47 to 300 mg L-1, mean values greater than 70 mg L-1, 2 to 61mg L-1, 1 to 
214 mg L-1 and 27 to 184 mg L-1, respectively. These values exceed total phosphorus 
concentration of 0.05 mg L-1, which can cause cultural eutrophication in streams 
(USEPA, 1986). This indicates that most of the phosphorus within abandoned feedlot 
soils is either transported by runoff or are assimilated by plants. It is estimated that crops 
remove approximately 2 to 15 mg kg-1 of phosphorus for growth (Grant et al., 2005). 
When the phosphorus content in soils exceeds 50 mg kg-1, it is recommended that no 
fertilizers should be added to the soil (Horneck et al., 2011). Higher rate of fertilizer 
application or high concentrations of phosphorus in the soil do not increase plant yield, 
but rather encourages luxurious absorption of nutrients by plant roots.  
 
Numerous studies and articles including Djodjic et al. (2005), Cordell et al. (2009), Fixen 
(2009) and Van Kauwenbergh (2010) have indicated a depletion of minable phosphorus 
reserves within the 21st century due to high demand of phosphorus for farming. In 
addition, phosphate mining can have deleterious effects on the environment (Pearce, 
2011) and on human health. Foodstuffs with high concentrations of inorganic phosphorus 
have been linked with fatality caused by kidney disease in humans (Kestenbaum et al., 
2004; Tonelli et al., 2005). 
 
Studies of soils from abandoned feedlots revealed elevated concentrations of phosphorus 
greater than 50 mg kg-1; this can be harnessed as fertilizer for farming. Soils from newly 
abandoned feedlots have high salt content compared to the older abandoned feedlots 
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(Eghball and Power, 1994). Most feedlots are simply abandoned: erosion occurs and 
invasive native and exotic plants often germinate and thrive, especially during the wet 
seasons. Agronomists, soil scientists, hydrologists, other scientists, and major 
stakeholders in agriculture and food security should take a holistic approach in assessing 
the viability of abandoned feedlots as a source of phosphorus. The use of abandoned 
feedlots to supplement the primary sources of phosphorus used in fertilizer can delay the 
depletion of these critical reserves.  
 
Phosphorus budget at the site indicated that most of the phosphorus released from the 
manure into the soil was absorbed and assimilated by plants, which supports the use of 
graminoids for phytoremediation. Graminoids situated near feedlots are enriched with 
nutrients, which can be made available for livestock consumption in the form of forage. 
Phytoremediation of phosphorus using graminoids should be encouraged. Other practices 
such as prescribed burning, ploughing, and irrigation should also be encouraged to help 
release and recycle immobilized phosphorus.  
 
Some of the areas on the beach ridge were dominated by invasive species including 
thistle. These areas were characterized by high soil phosphorus and low nitrate 
concentration. It would be interesting to investigate the relationship between soil 
conditions and the presence of some of these species. It is believed the invasive species 
are very competitive and dominate areas characterized by good soil conditions and plant 
available soil nutrients. This study would be helpful for farmers, agronomists, scientists, 
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and major stakeholders in agriculture in ways to control the growth of invasive species 
and making nutrient available for plants.  
 
Publications 
At the time this dissertation was submitted, three publications on the date herein were 
available for citation (Appendix E) 
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APPENDIX A 
Background Information on Phosphorus and Nitrogen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 212 
 
 
 
 
 
 
Overview of Phosphorus Chemistry 
Phosphorus is a multivalent nonmetallic element that has an atomic number of 15 and a 
mass number of 30.97 atomic mass units. Phosphorus is the eleventh most abundant 
element in the Earth’s crust (Syers et al., 2011) with an abundance of approximately 0.13% 
in the Earth’s crust (Clarke and Washington, 1924). Phosphorus does not occur in elemental 
forms in nature due to its reactivity but exists in a fully oxidized state as phosphate (PO43-). 
Other forms of phosphorus compounds that can form depending on the environment 
include phosphite (PO33-), hypophosphite (PO23-), phosphonate (C- PO3), and phosphine 
(PH3). Phosphorus exists in different oxidation states ranging from -3 in phosphine to +5 
in orthophosphate. 
 
Phosphorus has twenty-three known isotopes ranging from 24P to 46P, but the only stable 
isotope is 31P (Paytan and McLaughlin, 2012). Phosphorus has three different allotropes: 
white or yellow, red or violet, and black (Schlesinger, 2002; Scheer et al., 2010) which 
can also be distinguished based on structural characteristics (Greenwood and Earnshaw, 
1997). White phosphorus, which consists of tetrahedral P4 molecules (Mal et al., 2009; 
Scheer et al., 2010), is less dense, least stable (Fluck et al., 1979), deadly poisonous, and 
very reactive when exposed to air (Ashley et al., 2011). Conversely, red phosphorus is 
not poisonous. It is formed when white phosphorus is exposed to the sunlight or heated at 
a temperature of 250oC. Black phosphorus is the most thermodynamically stable, densest, 
and least reactive allotrope (Fluck et al., 1979). It is obtained by heating white 
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phosphorus under high pressure (12,000 atmospheres) (Bridgman, 1914; Keyes, 1953) in 
the presence of a mercury catalyst and seed crystal of black phosphorus (Holleman et al., 
2001). Black phosphorus can change into red phosphorus when it is heated at a 
temperature of 550oC (Hultgren et al., 1935). 
 
Overview of Nitrogen Chemistry 
Nitrogen is a nonmetallic element with atomic number 7 and a mass number of 14.0067 
atomic mass units. It has five electrons in its outer shell, and forms a strong triple 
covalent bond by sharing three pairs of electrons to fill the outermost shell, especially in 
elemental dinitrogen.  
 
Elemental nitrogen is colorless, tasteless, and odorless at standard temperature and 
pressure. The triple bond in the elemental nitrogen causes it to be extremely strong and 
inert in nature. This makes it unavailable for most organisms, but it takes biogeochemical 
processes to break the bond. Nitrogen has oxidation states ranging from +5 in nitrate 
(most oxidized form) to -3 in ammonium (the most reduced form).   
 
Nitrogen has 16 isotopes ranging from 10N (lightest) to 25N (heaviest) with two stable 
isotopes: 14N and 15N (Ebbing, 1990). 14N is the most common of the stable isotopes. The 
stable isotopes have been used determining the sources and sink of nitrogen and also 
processes associated with nitrogen biogeochemical conversion.  
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APPENDIX B 
Groundwater Elevation and Chemistry 
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Table B1: Water table elevation and groundwater temp of well DVPT (7/1 to 10/16/13) 
# Date Time WL T  # Date Time WL T 
1 6/21/2013 10:00 PM 0.15 7.2  40 7/1/2013 4:00 PM 0.15 8.1 
2 6/22/2013 4:00 AM 0.15 7.2  41 7/1/2013 10:00 PM 0.15 8.1 
3 6/22/2013 10:00 AM 0.15 7.2  42 7/2/2013 4:00 AM 0.15 8.1 
4 6/22/2013 4:00 PM 0.15 7.2  43 7/2/2013 10:00 AM 0.15 8.1 
5 6/22/2013 10:00 PM 0.15 7.3  44 7/2/2013 4:00 PM 0.15 8.2 
6 6/23/2013 4:00 AM 0.15 7.3  45 7/2/2013 10:00 PM 0.13 8.3 
7 6/23/2013 10:00 AM 0.15 7.3  46 7/3/2013 4:00 AM 0.13 8.3 
8 6/23/2013 4:00 PM 0.15 7.3  47 7/3/2013 10:00 AM 0.13 8.4 
9 6/23/2013 10:00 PM 0.14 7.4  48 7/3/2013 4:00 PM 0.12 8.4 
10 6/24/2013 4:00 AM 0.14 7.4  49 7/3/2013 10:00 PM 0.12 8.4 
11 6/24/2013 10:00 AM 0.14 7.4  50 7/4/2013 4:00 AM 0.12 8.4 
12 6/24/2013 4:00 PM 0.14 7.4  51 7/4/2013 10:00 AM 0.12 8.5 
13 6/24/2013 10:00 PM 0.14 7.4  52 7/4/2013 4:00 PM 0.12 8.5 
14 6/25/2013 4:00 AM 0.14 7.5  53 7/4/2013 10:00 PM 0.12 8.5 
15 6/25/2013 10:00 AM 0.14 7.5  54 7/5/2013 4:00 AM 0.12 8.5 
16 6/25/2013 4:00 PM 0.14 7.5  55 7/5/2013 10:00 AM 0.12 8.6 
17 6/25/2013 10:00 PM 0.14 7.5  56 7/5/2013 4:00 PM 0.12 8.6 
18 6/26/2013 4:00 AM 0.15 7.5  57 7/5/2013 10:00 PM 0.12 8.6 
19 6/26/2013 10:00 AM 0.15 7.6  58 7/6/2013 4:00 AM 0.12 8.6 
20 6/26/2013 4:00 PM 0.15 7.6  59 7/6/2013 10:00 AM 0.12 8.6 
21 6/26/2013 10:00 PM 0.16 7.6  60 7/6/2013 4:00 PM 0.12 8.7 
22 6/27/2013 4:00 AM 0.16 7.6  61 7/6/2013 10:00 PM 0.12 8.7 
23 6/27/2013 10:00 AM 0.16 7.7  62 7/7/2013 4:00 AM 0.11 8.7 
24 6/27/2013 4:00 PM 0.16 7.7  63 7/7/2013 10:00 AM 0.11 8.7 
25 6/27/2013 10:00 PM 0.16 7.7  64 7/7/2013 4:00 PM 0.11 8.8 
26 6/28/2013 4:00 AM 0.16 7.7  65 7/7/2013 10:00 PM 0.11 8.8 
27 6/28/2013 10:00 AM 0.16 7.8  66 7/8/2013 4:00 AM 0.11 8.8 
28 6/28/2013 4:00 PM 0.16 7.8  67 7/8/2013 10:00 AM 0.11 8.8 
29 6/28/2013 10:00 PM 0.16 7.8  68 7/8/2013 4:00 PM 0.11 8.8 
30 6/29/2013 4:00 AM 0.16 7.8  69 7/8/2013 10:00 PM 0.11 8.9 
31 6/29/2013 10:00 AM 0.16 7.9  70 7/9/2013 4:00 AM 0.11 8.9 
32 6/29/2013 4:00 PM 0.16 7.9  71 7/9/2013 10:00 AM 0.11 8.9 
33 6/29/2013 10:00 PM 0.16 7.9  72 7/9/2013 4:00 PM 0.10 8.9 
34 6/30/2013 4:00 AM 0.16 7.9  73 7/9/2013 10:00 PM 0.11 8.9 
35 6/30/2013 10:00 AM 0.16 8.0  74 7/10/2013 4:00 AM 0.10 9.0 
36 6/30/2013 4:00 PM 0.15 8.0  75 7/10/2013 10:00 AM 0.10 9.0 
37 6/30/2013 10:00 PM 0.15 8.0  76 7/10/2013 4:00 PM 0.10 9.0 
38 7/1/2013 4:00 AM 0.15 8.0  77 7/10/2013 10:00 PM 0.10 9.0 
39 7/1/2013 10:00 AM 0.15 8.1  78 7/11/2013 4:00 AM 0.10 9.0 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B1 (Continued) 
# Date Time WL T   # Date Time WL T 
79 7/11/2013 10:00 AM 0.10 9.1  118 7/21/2013 4:00 AM 0.07 9.8 
80 7/11/2013 4:00 PM 0.10 9.1  119 7/21/2013 10:00 AM 0.07 9.8 
81 7/11/2013 10:00 PM 0.10 9.1  120 7/21/2013 4:00 PM 0.07 9.8 
82 7/12/2013 4:00 AM 0.10 9.1  121 7/21/2013 10:00 PM 0.07 9.8 
83 7/12/2013 10:00 AM 0.10 9.1  122 7/22/2013 4:00 AM 0.07 9.8 
84 7/12/2013 4:00 PM 0.10 9.2  123 7/22/2013 10:00 AM 0.07 9.9 
85 7/12/2013 10:00 PM 0.10 9.2  124 7/22/2013 4:00 PM 0.07 9.9 
86 7/13/2013 4:00 AM 0.10 9.2  125 7/22/2013 10:00 PM 0.07 9.9 
87 7/13/2013 10:00 AM 0.10 9.2  126 7/23/2013 4:00 AM 0.06 9.9 
88 7/13/2013 4:00 PM 0.09 9.2  127 7/23/2013 10:00 AM 0.06 9.9 
89 7/13/2013 10:00 PM 0.09 9.3  128 7/23/2013 4:00 PM 0.06 9.9 
90 7/14/2013 4:00 AM 0.09 9.3  129 7/23/2013 10:00 PM 0.06 10.0 
91 7/14/2013 10:00 AM 0.09 9.3  130 7/24/2013 4:00 AM 0.06 10.0 
92 7/14/2013 4:00 PM 0.09 9.3  131 7/24/2013 10:00 AM 0.06 10.0 
93 7/14/2013 10:00 PM 0.09 9.3  132 7/24/2013 4:00 PM 0.06 10.0 
94 7/15/2013 4:00 AM 0.09 9.3  133 7/24/2013 10:00 PM 0.06 10.0 
95 7/15/2013 10:00 AM 0.09 9.4  134 7/25/2013 4:00 AM 0.06 10.0 
96 7/15/2013 4:00 PM 0.09 9.4  135 7/25/2013 10:00 AM 0.06 10.1 
97 7/15/2013 10:00 PM 0.09 9.4  136 7/25/2013 4:00 PM 0.06 10.1 
98 7/16/2013 4:00 AM 0.09 9.4  137 7/25/2013 10:00 PM 0.06 10.1 
99 7/16/2013 10:00 AM 0.09 9.4  138 7/26/2013 4:00 AM 0.06 10.1 
100 7/16/2013 4:00 PM 0.09 9.4  139 7/26/2013 10:00 AM 0.06 10.1 
101 7/16/2013 10:00 PM 0.09 9.5  140 7/26/2013 4:00 PM 0.06 10.1 
102 7/17/2013 4:00 AM 0.08 9.5  141 7/26/2013 10:00 PM 0.06 10.1 
103 7/17/2013 10:00 AM 0.08 9.5  142 7/27/2013 4:00 AM 0.06 10.2 
104 7/17/2013 4:00 PM 0.08 9.5  143 7/27/2013 10:00 AM 0.06 10.2 
105 7/17/2013 10:00 PM 0.08 9.5  144 7/27/2013 4:00 PM 0.05 10.2 
106 7/18/2013 4:00 AM 0.08 9.5  145 7/27/2013 10:00 PM 0.05 10.2 
107 7/18/2013 10:00 AM 0.08 9.6  146 7/28/2013 4:00 AM 0.05 10.2 
108 7/18/2013 4:00 PM 0.08 9.6  147 7/28/2013 10:00 AM 0.05 10.2 
109 7/18/2013 10:00 PM 0.08 9.6  148 7/28/2013 4:00 PM 0.05 10.2 
110 7/19/2013 4:00 AM 0.08 9.6  149 7/28/2013 10:00 PM 0.05 10.3 
111 7/19/2013 10:00 AM 0.08 9.6  150 7/29/2013 4:00 AM 0.05 10.3 
112 7/19/2013 4:00 PM 0.07 9.7  151 7/29/2013 10:00 AM 0.05 10.3 
113 7/19/2013 10:00 PM 0.07 9.7  152 7/29/2013 4:00 PM 0.05 10.3 
114 7/20/2013 4:00 AM 0.07 9.7  153 7/29/2013 10:00 PM 0.05 10.3 
115 7/20/2013 10:00 AM 0.07 9.7  154 7/30/2013 4:00 AM 0.05 10.3 
116 7/20/2013 4:00 PM 0.07 9.7  155 7/30/2013 10:00 AM 0.05 10.3 
117 7/20/2013 10:00 PM 0.07 9.8  156 7/30/2013 4:00 PM 0.05 10.3 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B1 (Continued) 
# Date Time WL T   # Date Time WL T 
157 7/30/2013 10:00 PM 0.05 10.4  196 8/9/2013 4:00 PM 0.03 10.6 
158 7/31/2013 4:00 AM 0.05 10.4  197 8/9/2013 10:00 PM 0.03 10.6 
159 7/31/2013 10:00 AM 0.05 10.4  198 8/10/2013 4:00 AM 0.03 10.6 
160 7/31/2013 4:00 PM 0.05 10.4  199 8/10/2013 10:00 AM 0.03 10.6 
161 7/31/2013 10:00 PM 0.05 10.4  200 8/10/2013 4:00 PM 0.03 10.6 
162 8/1/2013 4:00 AM 0.05 10.4  201 8/10/2013 10:00 PM 0.03 10.6 
163 8/1/2013 10:00 AM 0.04 10.4  202 8/11/2013 4:00 AM 0.03 10.6 
164 8/1/2013 4:00 PM 0.04 10.4  203 8/11/2013 10:00 AM 0.03 10.6 
165 8/1/2013 10:00 PM 0.04 10.4  204 8/11/2013 4:00 PM 0.02 10.7 
166 8/2/2013 4:00 AM 0.04 10.4  205 8/11/2013 10:00 PM 0.02 10.7 
167 8/2/2013 10:00 AM 0.04 10.4  206 8/12/2013 4:00 AM 0.02 10.7 
168 8/2/2013 4:00 PM 0.04 10.5  207 8/12/2013 10:00 AM 0.02 10.7 
169 8/2/2013 10:00 PM 0.04 10.5  208 8/12/2013 4:00 PM 0.02 10.7 
170 8/3/2013 4:00 AM 0.04 10.5  209 8/12/2013 10:00 PM 0.02 10.7 
171 8/3/2013 10:00 AM 0.04 10.5  210 8/13/2013 4:00 AM 0.02 10.7 
172 8/3/2013 4:00 PM 0.04 10.5  211 8/13/2013 10:00 AM 0.02 10.7 
173 8/3/2013 10:00 PM 0.04 10.5  212 8/13/2013 4:00 PM 0.02 10.7 
174 8/4/2013 4:00 AM 0.04 10.5  213 8/13/2013 10:00 PM 0.02 10.7 
175 8/4/2013 10:00 AM 0.04 10.5  214 8/14/2013 4:00 AM 0.02 10.7 
176 8/4/2013 4:00 PM 0.04 10.5  215 8/14/2013 10:00 AM 0.02 10.7 
177 8/4/2013 10:00 PM 0.04 10.5  216 8/14/2013 4:00 PM 0.02 10.7 
178 8/5/2013 4:00 AM 0.04 10.5  217 8/14/2013 10:00 PM 0.02 10.7 
179 8/5/2013 10:00 AM 0.04 10.5  218 8/15/2013 4:00 AM 0.02 10.7 
180 8/5/2013 4:00 PM 0.04 10.5  219 8/15/2013 10:00 AM 0.02 10.7 
181 8/5/2013 10:00 PM 0.04 10.5  220 8/15/2013 4:00 PM 0.02 10.7 
182 8/6/2013 4:00 AM 0.04 10.5  221 8/15/2013 10:00 PM 0.02 10.7 
183 8/6/2013 10:00 AM 0.04 10.5  222 8/16/2013 4:00 AM 0.02 10.7 
184 8/6/2013 4:00 PM 0.04 10.6  223 8/16/2013 10:00 AM 0.02 10.7 
185 8/6/2013 10:00 PM 0.03 10.6  224 8/16/2013 4:00 PM 0.01 10.7 
186 8/7/2013 4:00 AM 0.03 10.6  225 8/16/2013 10:00 PM 0.01 10.7 
187 8/7/2013 10:00 AM 0.03 10.6  226 8/17/2013 4:00 AM 0.01 10.7 
188 8/7/2013 4:00 PM 0.03 10.6  227 8/17/2013 10:00 AM 0.01 10.7 
189 8/7/2013 10:00 PM 0.03 10.6  228 8/17/2013 4:00 PM 0.01 10.7 
190 8/8/2013 4:00 AM 0.03 10.6  229 8/17/2013 10:00 PM 0.01 10.7 
191 8/8/2013 10:00 AM 0.03 10.6  230 8/18/2013 4:00 AM 0.01 10.7 
192 8/8/2013 4:00 PM 0.03 10.6  231 8/18/2013 10:00 AM 0.01 10.7 
193 8/8/2013 10:00 PM 0.03 10.6  232 8/18/2013 4:00 PM 0.01 10.7 
194 8/9/2013 4:00 AM 0.03 10.6  233 8/18/2013 10:00 PM 0.01 10.7 
195 8/9/2013 10:00 AM 0.03 10.6  234 8/19/2013 4:00 AM 0.01 10.7 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B1 (Continued) 
# Date Time WL T   # Date Time WL T 
235 8/19/2013 10:00 AM 0.01 10.8  274 8/29/2013 4:00 AM 0.01 11.0 
236 8/19/2013 4:00 PM 0.01 10.8  275 8/29/2013 10:00 AM 0.01 11.0 
237 8/19/2013 10:00 PM 0.01 10.8  276 8/29/2013 4:00 PM 0.01 11.0 
238 8/20/2013 4:00 AM 0.01 10.8  277 8/29/2013 10:00 PM 0.01 11.1 
239 8/20/2013 10:00 AM 0.01 10.8  278 8/30/2013 4:00 AM 0.01 11.1 
240 8/20/2013 4:00 PM 0.01 10.8  279 8/30/2013 10:00 AM 0.01 11.1 
241 8/20/2013 10:00 PM 0.01 10.8  280 8/30/2013 4:00 PM 0.01 11.1 
242 8/21/2013 4:00 AM 0.01 10.8  281 8/30/2013 10:00 PM 0.01 11.1 
243 8/21/2013 10:00 AM 0.01 10.8  282 8/31/2013 4:00 AM 0.01 11.1 
244 8/21/2013 4:00 PM 0.01 10.8  283 8/31/2013 10:00 AM 0.01 11.1 
245 8/21/2013 10:00 PM 0.01 10.8  284 8/31/2013 4:00 PM 0.01 11.1 
246 8/22/2013 4:00 AM 0.01 10.8  285 8/31/2013 10:00 PM 0.01 11.1 
247 8/22/2013 10:00 AM 0.00 10.8  286 9/1/2013 4:00 AM 0.01 11.2 
248 8/22/2013 4:00 PM 0.00 10.8  287 9/1/2013 10:00 AM 0.01 11.2 
249 8/22/2013 10:00 PM 0.00 10.8  288 9/1/2013 4:00 PM 0.01 11.2 
250 8/23/2013 4:00 AM 0.00 10.8  289 9/1/2013 10:00 PM 0.01 11.2 
251 8/23/2013 10:00 AM 0.00 10.8  290 9/2/2013 4:00 AM 0.01 11.2 
252 8/23/2013 4:00 PM 0.01 10.8  291 9/2/2013 10:00 AM 0.01 11.2 
253 8/23/2013 10:00 PM 0.01 10.8  292 9/2/2013 4:00 PM 0.01 11.2 
254 8/24/2013 4:00 AM 0.01 10.9  293 9/2/2013 10:00 PM 0.01 11.2 
255 8/24/2013 10:00 AM 0.01 10.9  294 9/3/2013 4:00 AM 0.01 11.3 
256 8/24/2013 4:00 PM 0.01 10.9  295 9/3/2013 10:00 AM 0.01 11.3 
257 8/24/2013 10:00 PM 0.01 10.9  296 9/3/2013 4:00 PM 0.01 11.3 
258 8/25/2013 4:00 AM 0.01 10.9  297 9/3/2013 10:00 PM 0.01 11.3 
259 8/25/2013 10:00 AM 0.01 10.9  298 9/4/2013 4:00 AM 0.01 11.3 
260 8/25/2013 4:00 PM 0.01 10.9  299 9/4/2013 10:00 AM 0.01 11.3 
261 8/25/2013 10:00 PM 0.01 10.9  300 9/4/2013 4:00 PM 0.01 11.3 
262 8/26/2013 4:00 AM 0.01 10.9  301 9/4/2013 10:00 PM 0.01 11.3 
263 8/26/2013 10:00 AM 0.01 10.9  302 9/5/2013 4:00 AM 0.01 11.4 
264 8/26/2013 4:00 PM 0.01 10.9  303 9/5/2013 10:00 AM 0.01 11.4 
265 8/26/2013 10:00 PM 0.01 10.9  304 9/5/2013 4:00 PM 0.01 11.4 
266 8/27/2013 4:00 AM 0.01 10.9  305 9/5/2013 10:00 PM 0.01 11.4 
267 8/27/2013 10:00 AM 0.01 11.0  306 9/6/2013 4:00 AM 0.01 11.4 
268 8/27/2013 4:00 PM 0.01 11.0  307 9/6/2013 10:00 AM 0.01 11.4 
269 8/27/2013 10:00 PM 0.01 11.0  308 9/6/2013 4:00 PM 0.01 11.4 
270 8/28/2013 4:00 AM 0.01 11.0  309 9/6/2013 10:00 PM 0.01 11.4 
271 8/28/2013 10:00 AM 0.01 11.0  310 9/7/2013 4:00 AM 0.01 11.4 
272 8/28/2013 4:00 PM 0.01 11.0  311 9/7/2013 10:00 AM 0.01 11.4 
273 8/28/2013 10:00 PM 0.01 11.0   312 9/7/2013 4:00 PM 0.01 11.5 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B1 (Continued) 
# Date Time WL T   # Date Time WL T 
313 9/7/2013 10:00 PM 0.01 11.5  352 9/17/2013 4:00 PM 0.01 11.7 
314 9/8/2013 4:00 AM 0.01 11.5  353 9/17/2013 10:00 PM 0.01 11.7 
315 9/8/2013 10:00 AM 0.01 11.5  354 9/18/2013 4:00 AM 0.01 11.7 
316 9/8/2013 4:00 PM 0.01 11.5  355 9/18/2013 10:00 AM 0.01 11.7 
317 9/8/2013 10:00 PM 0.01 11.5  356 9/18/2013 4:00 PM 0.01 11.7 
318 9/9/2013 4:00 AM 0.01 11.5  357 9/18/2013 10:00 PM 0.01 11.7 
319 9/9/2013 10:00 AM 0.01 11.5  358 9/19/2013 4:00 AM 0.01 11.7 
320 9/9/2013 4:00 PM 0.01 11.5  359 9/19/2013 10:00 AM 0.01 11.7 
321 9/9/2013 10:00 PM 0.01 11.5  360 9/19/2013 4:00 PM 0.01 11.7 
322 9/10/2013 4:00 AM 0.01 11.5  361 9/19/2013 10:00 PM 0.01 11.7 
323 9/10/2013 10:00 AM 0.01 11.5  362 9/20/2013 4:00 AM 0.01 11.7 
324 9/10/2013 4:00 PM 0.01 11.5  363 9/20/2013 10:00 AM 0.01 11.7 
325 9/10/2013 10:00 PM 0.01 11.6  364 9/20/2013 4:00 PM 0.01 11.7 
326 9/11/2013 4:00 AM 0.01 11.6  365 9/20/2013 10:00 PM 0.01 11.7 
327 9/11/2013 10:00 AM 0.01 11.6  366 9/21/2013 4:00 AM 0.01 11.7 
328 9/11/2013 4:00 PM 0.01 11.6  367 9/21/2013 10:00 AM 0.01 11.7 
329 9/11/2013 10:00 PM 0.01 11.6  368 9/21/2013 4:00 PM 0.01 11.7 
330 9/12/2013 4:00 AM 0.01 11.6  369 9/21/2013 10:00 PM 0.01 11.7 
331 9/12/2013 10:00 AM 0.01 11.6  370 9/22/2013 4:00 AM 0.01 11.7 
332 9/12/2013 4:00 PM 0.01 11.6  371 9/22/2013 10:00 AM 0.01 11.7 
333 9/12/2013 10:00 PM 0.01 11.6  372 9/22/2013 4:00 PM 0.01 11.7 
334 9/13/2013 4:00 AM 0.01 11.6  373 9/22/2013 10:00 PM 0.01 11.7 
335 9/13/2013 10:00 AM 0.01 11.6  374 9/23/2013 4:00 AM 0.01 11.7 
336 9/13/2013 4:00 PM 0.01 11.6  375 9/23/2013 10:00 AM 0.01 11.7 
337 9/13/2013 10:00 PM 0.01 11.7  376 9/23/2013 4:00 PM 0.01 11.7 
338 9/14/2013 4:00 AM 0.01 11.7  377 9/23/2013 10:00 PM 0.01 11.7 
339 9/14/2013 10:00 AM 0.01 11.7  378 9/24/2013 4:00 AM 0.01 11.7 
340 9/14/2013 4:00 PM 0.01 11.7  379 9/24/2013 10:00 AM 0.01 11.7 
341 9/14/2013 10:00 PM 0.01 11.7  380 9/24/2013 4:00 PM 0.01 11.7 
342 9/15/2013 4:00 AM 0.01 11.7  381 9/24/2013 10:00 PM 0.01 11.7 
343 9/15/2013 10:00 AM 0.01 11.7  382 9/25/2013 4:00 AM 0.01 11.7 
344 9/15/2013 4:00 PM 0.01 11.7  383 9/25/2013 10:00 AM 0.01 11.7 
345 9/15/2013 10:00 PM 0.01 11.7  384 9/25/2013 4:00 PM 0.01 11.7 
346 9/16/2013 4:00 AM 0.01 11.7  385 9/25/2013 10:00 PM 0.01 11.7 
347 9/16/2013 10:00 AM 0.01 11.7  386 9/26/2013 4:00 AM 0.01 11.7 
348 9/16/2013 4:00 PM 0.01 11.7  387 9/26/2013 10:00 AM 0.01 11.7 
349 9/16/2013 10:00 PM 0.01 11.7  388 9/26/2013 4:00 PM 0.01 11.7 
350 9/17/2013 4:00 AM 0.01 11.7  389 9/26/2013 10:00 PM 0.01 11.7 
351 9/17/2013 10:00 AM 0.01 11.7   390 9/27/2013 4:00 AM 0.01 11.7 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B1 (Continued) 
# Date Time WL T  # Date Time WL T 
391 9/27/2013 10:00 AM 0.01 11.7  430 10/7/2013 4:00 AM 0.01 11.6 
392 9/27/2013 4:00 PM 0.01 11.7  431 10/7/2013 10:00 AM 0.01 11.6 
393 9/27/2013 10:00 PM 0.01 11.7  432 10/7/2013 4:00 PM 0.01 11.6 
394 9/28/2013 4:00 AM 0.01 11.7  433 10/7/2013 10:00 PM 0.01 11.6 
395 9/28/2013 10:00 AM 0.01 11.7  434 10/8/2013 4:00 AM 0.01 11.6 
396 9/28/2013 4:00 PM 0.01 11.7  435 10/8/2013 10:00 AM 0.01 11.6 
397 9/28/2013 10:00 PM 0.01 11.7  436 10/8/2013 4:00 PM 0.01 11.6 
398 9/29/2013 4:00 AM 0.01 11.7  437 10/8/2013 10:00 PM 0.01 11.6 
399 9/29/2013 10:00 AM 0.01 11.7  438 10/9/2013 4:00 AM 0.01 11.6 
400 9/29/2013 4:00 PM 0.01 11.7  439 10/9/2013 10:00 AM 0.01 11.6 
401 9/29/2013 10:00 PM 0.01 11.7  440 10/9/2013 4:00 PM 0.01 11.6 
402 9/30/2013 4:00 AM 0.01 11.7  441 10/9/2013 10:00 PM 0.01 11.6 
403 9/30/2013 10:00 AM 0.01 11.7  442 10/10/2013 4:00 AM 0.01 11.6 
404 9/30/2013 4:00 PM 0.01 11.7  443 10/10/2013 10:00 AM 0.01 11.6 
405 9/30/2013 10:00 PM 0.01 11.7  444 10/10/2013 4:00 PM 0.01 11.6 
406 10/1/2013 4:00 AM 0.01 11.7  445 10/10/2013 10:00 PM 0.01 11.6 
407 10/1/2013 10:00 AM 0.01 11.7  446 10/11/2013 4:00 AM 0.01 11.6 
408 10/1/2013 4:00 PM 0.01 11.7  447 10/11/2013 10:00 AM 0.01 11.6 
409 10/1/2013 10:00 PM 0.01 11.7  448 10/11/2013 4:00 PM 0.01 11.6 
410 10/2/2013 4:00 AM 0.01 11.7  449 10/11/2013 10:00 PM 0.01 11.5 
411 10/2/2013 10:00 AM 0.01 11.7  450 10/12/2013 4:00 AM 0.01 11.5 
412 10/2/2013 4:00 PM 0.01 11.7  451 10/12/2013 10:00 AM 0.01 11.5 
413 10/2/2013 10:00 PM 0.01 11.7  452 10/12/2013 4:00 PM 0.01 11.5 
414 10/3/2013 4:00 AM 0.01 11.7  453 10/12/2013 10:00 PM 0.01 11.5 
415 10/3/2013 10:00 AM 0.01 11.7  454 10/13/2013 4:00 AM 0.01 11.5 
416 10/3/2013 4:00 PM 0.01 11.7  455 10/13/2013 10:00 AM 0.01 11.5 
417 10/3/2013 10:00 PM 0.01 11.7  456 10/13/2013 4:00 PM 0.01 11.5 
418 10/4/2013 4:00 AM 0.01 11.7  457 10/13/2013 10:00 PM 0.01 11.5 
419 10/4/2013 10:00 AM 0.01 11.7  458 10/14/2013 4:00 AM 0.01 11.5 
420 10/4/2013 4:00 PM 0.01 11.7  459 10/14/2013 10:00 AM 0.01 11.4 
421 10/4/2013 10:00 PM 0.01 11.6  460 10/14/2013 4:00 PM 0.01 11.4 
422 10/5/2013 4:00 AM 0.01 11.6  461 10/14/2013 10:00 PM 0.01 11.4 
423 10/5/2013 10:00 AM 0.01 11.6  462 10/15/2013 4:00 AM 0.01 11.4 
424 10/5/2013 4:00 PM 0.01 11.6  463 10/15/2013 10:00 AM 0.01 11.4 
425 10/5/2013 10:00 PM 0.01 11.6  464 10/15/2013 4:00 PM 0.01 11.4 
426 10/6/2013 4:00 AM 0.01 11.6  465 10/15/2013 10:00 PM 0.01 11.4 
427 10/6/2013 10:00 AM 0.01 11.6  466 10/16/2013 4:00 AM 0.01 11.4 
428 10/6/2013 4:00 PM 0.01 11.6  467 10/16/2013 10:00 AM 0.01 11.4 
429 10/6/2013 10:00 PM 0.01 11.6       
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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 Table B2: Water table elevation and groundwater temp of well MW3 (7/1 to 10/16/13) 
# Date Time WL T  # Date Time WL T 
1 6/21/2013 4:00 PM 1.19 5.7  40 7/1/2013 10:00 AM 1.13 5.9 
2 6/21/2013 10:00 PM 1.18 5.6  41 7/1/2013 4:00 PM 1.13 5.9 
3 6/22/2013 4:00 AM 1.17 5.6  42 7/1/2013 10:00 PM 1.13 5.9 
4 6/22/2013 10:00 AM 1.17 5.6  43 7/2/2013 4:00 AM 1.13 5.9 
5 6/22/2013 4:00 PM 1.16 5.6  44 7/2/2013 10:00 AM 1.13 5.9 
6 6/22/2013 10:00 PM 1.16 5.6  45 7/2/2013 4:00 PM 1.13 5.9 
7 6/23/2013 4:00 AM 1.17 5.6  46 7/2/2013 10:00 PM 1.14 5.9 
8 6/23/2013 10:00 AM 1.16 5.7  47 7/3/2013 4:00 AM 1.14 5.9 
9 6/23/2013 4:00 PM 1.16 5.7  48 7/3/2013 10:00 AM 1.13 5.9 
10 6/23/2013 10:00 PM 1.16 5.7  49 7/3/2013 4:00 PM 1.13 6.0 
11 6/24/2013 4:00 AM 1.16 5.7  50 7/3/2013 10:00 PM 1.13 6.0 
12 6/24/2013 10:00 AM 1.16 5.7  51 7/4/2013 4:00 AM 1.13 6.0 
13 6/24/2013 4:00 PM 1.15 5.7  52 7/4/2013 10:00 AM 1.13 6.0 
14 6/24/2013 10:00 PM 1.16 5.7  53 7/4/2013 4:00 PM 1.13 6.0 
15 6/25/2013 4:00 AM 1.16 5.7  54 7/4/2013 10:00 PM 1.12 6.0 
16 6/25/2013 10:00 AM 1.15 5.7  55 7/5/2013 4:00 AM 1.12 6.0 
17 6/25/2013 4:00 PM 1.15 5.7  56 7/5/2013 10:00 AM 1.12 6.0 
18 6/25/2013 10:00 PM 1.16 5.7  57 7/5/2013 4:00 PM 1.12 6.0 
19 6/26/2013 4:00 AM 1.15 5.7  58 7/5/2013 10:00 PM 1.12 6.0 
20 6/26/2013 10:00 AM 1.15 5.7  59 7/6/2013 4:00 AM 1.12 6.0 
21 6/26/2013 4:00 PM 1.15 5.7  60 7/6/2013 10:00 AM 1.12 6.0 
22 6/26/2013 10:00 PM 1.15 5.8  61 7/6/2013 4:00 PM 1.12 6.1 
23 6/27/2013 4:00 AM 1.15 5.8  62 7/6/2013 10:00 PM 1.12 6.1 
24 6/27/2013 10:00 AM 1.15 5.8  63 7/7/2013 4:00 AM 1.12 6.1 
25 6/27/2013 4:00 PM 1.15 5.8  64 7/7/2013 10:00 AM 1.11 6.1 
26 6/27/2013 10:00 PM 1.15 5.8  65 7/7/2013 4:00 PM 1.11 6.1 
27 6/28/2013 4:00 AM 1.15 5.8  66 7/7/2013 10:00 PM 1.11 6.1 
28 6/28/2013 10:00 AM 1.14 5.8  67 7/8/2013 4:00 AM 1.11 6.1 
29 6/28/2013 4:00 PM 1.14 5.8  68 7/8/2013 10:00 AM 1.10 6.1 
30 6/28/2013 10:00 PM 1.14 5.8  69 7/8/2013 4:00 PM 1.11 6.1 
31 6/29/2013 4:00 AM 1.14 5.8  70 7/8/2013 10:00 PM 1.11 6.1 
32 6/29/2013 10:00 AM 1.15 5.8  71 7/9/2013 4:00 AM 1.12 6.1 
33 6/29/2013 4:00 PM 1.15 5.8  72 7/9/2013 10:00 AM 1.11 6.1 
34 6/29/2013 10:00 PM 1.14 5.8  73 7/9/2013 4:00 PM 1.09 6.2 
35 6/30/2013 4:00 AM 1.14 5.8  74 7/9/2013 10:00 PM 1.10 6.2 
36 6/30/2013 10:00 AM 1.14 5.9  75 7/10/2013 4:00 AM 1.09 6.2 
37 6/30/2013 4:00 PM 1.13 5.9  76 7/10/2013 10:00 AM 1.09 6.2 
38 6/30/2013 10:00 PM 1.14 5.9  77 7/10/2013 4:00 PM 1.09 6.2 
39 7/1/2013 4:00 AM 1.14 5.9  78 7/10/2013 10:00 PM 1.08 6.2 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B2 (Continued) 
# Date Time WL T  # Date Time WL T 
79 7/11/2013 4:00 AM 1.08 6.2  118 7/20/2013 10:00 PM 1.06 6.6 
80 7/11/2013 10:00 AM 1.07 6.2  119 7/21/2013 4:00 AM 1.06 6.6 
81 7/11/2013 4:00 PM 1.08 6.3  120 7/21/2013 10:00 AM 1.06 6.6 
82 7/11/2013 10:00 PM 1.09 6.3  121 7/21/2013 4:00 PM 1.06 6.6 
83 7/12/2013 4:00 AM 1.09 6.3  122 7/21/2013 10:00 PM 1.06 6.6 
84 7/12/2013 10:00 AM 1.08 6.3  123 7/22/2013 4:00 AM 1.05 6.6 
85 7/12/2013 4:00 PM 1.09 6.3  124 7/22/2013 10:00 AM 1.06 6.6 
86 7/12/2013 10:00 PM 1.08 6.3  125 7/22/2013 4:00 PM 1.06 6.6 
87 7/13/2013 4:00 AM 1.08 6.3  126 7/22/2013 10:00 PM 1.06 6.6 
88 7/13/2013 10:00 AM 1.07 6.3  127 7/23/2013 4:00 AM 1.06 6.6 
89 7/13/2013 4:00 PM 1.08 6.3  128 7/23/2013 10:00 AM 1.06 6.7 
90 7/13/2013 10:00 PM 1.08 6.3  129 7/23/2013 4:00 PM 1.06 6.7 
91 7/14/2013 4:00 AM 1.07 6.3  130 7/23/2013 10:00 PM 1.06 6.7 
92 7/14/2013 10:00 AM 1.07 6.3  131 7/24/2013 4:00 AM 1.05 6.7 
93 7/14/2013 4:00 PM 1.08 6.4  132 7/24/2013 10:00 AM 1.05 6.7 
94 7/14/2013 10:00 PM 1.08 6.4  133 7/24/2013 4:00 PM 1.06 6.7 
95 7/15/2013 4:00 AM 1.07 6.4  134 7/24/2013 10:00 PM 1.05 6.7 
96 7/15/2013 10:00 AM 1.08 6.4  135 7/25/2013 4:00 AM 1.05 6.7 
97 7/15/2013 4:00 PM 1.08 6.4  136 7/25/2013 10:00 AM 1.04 6.7 
98 7/15/2013 10:00 PM 1.08 6.4  137 7/25/2013 4:00 PM 1.04 6.7 
99 7/16/2013 4:00 AM 1.08 6.4  138 7/25/2013 10:00 PM 1.05 6.7 
100 7/16/2013 10:00 AM 1.07 6.4  139 7/26/2013 4:00 AM 1.05 6.7 
101 7/16/2013 4:00 PM 1.07 6.4  140 7/26/2013 10:00 AM 1.05 6.8 
102 7/16/2013 10:00 PM 1.07 6.4  141 7/26/2013 4:00 PM 1.05 6.8 
103 7/17/2013 4:00 AM 1.06 6.4  142 7/26/2013 10:00 PM 1.05 6.8 
104 7/17/2013 10:00 AM 1.07 6.5  143 7/27/2013 4:00 AM 1.05 6.8 
105 7/17/2013 4:00 PM 1.07 6.5  144 7/27/2013 10:00 AM 1.06 6.8 
106 7/17/2013 10:00 PM 1.07 6.5  145 7/27/2013 4:00 PM 1.05 6.8 
107 7/18/2013 4:00 AM 1.06 6.5  146 7/27/2013 10:00 PM 1.05 6.8 
108 7/18/2013 10:00 AM 1.07 6.5  147 7/28/2013 4:00 AM 1.05 6.8 
109 7/18/2013 4:00 PM 1.07 6.5  148 7/28/2013 10:00 AM 1.05 6.8 
110 7/18/2013 10:00 PM 1.07 6.5  149 7/28/2013 4:00 PM 1.05 6.8 
111 7/19/2013 4:00 AM 1.06 6.5  150 7/28/2013 10:00 PM 1.04 6.8 
112 7/19/2013 10:00 AM 1.06 6.5  151 7/29/2013 4:00 AM 1.04 6.8 
113 7/19/2013 4:00 PM 1.07 6.5  152 7/29/2013 10:00 AM 1.04 6.9 
114 7/19/2013 10:00 PM 1.07 6.5  153 7/29/2013 4:00 PM 1.04 6.9 
115 7/20/2013 4:00 AM 1.06 6.5  154 7/29/2013 10:00 PM 1.04 6.9 
116 7/20/2013 10:00 AM 1.06 6.6  155 7/30/2013 4:00 AM 1.04 6.9 
117 7/20/2013 4:00 PM 1.06 6.6  156 7/30/2013 10:00 AM 1.04 6.9 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B2 (Continued) 
# Date Time WL T  # Date Time WL T 
157 7/30/2013 4:00 PM 1.04 6.9  196 8/9/2013 10:00 AM 1.02 7.2 
158 7/30/2013 10:00 PM 1.04 6.9  197 8/9/2013 4:00 PM 1.02 7.2 
159 7/31/2013 4:00 AM 1.03 6.9  198 8/9/2013 10:00 PM 1.02 7.2 
160 7/31/2013 10:00 AM 1.04 6.9  199 8/10/2013 4:00 AM 1.02 7.2 
161 7/31/2013 4:00 PM 1.04 6.9  200 8/10/2013 10:00 AM 1.02 7.2 
162 7/31/2013 10:00 PM 1.04 6.9  201 8/10/2013 4:00 PM 1.03 7.2 
163 8/1/2013 4:00 AM 1.04 6.9  202 8/10/2013 10:00 PM 1.03 7.2 
164 8/1/2013 10:00 AM 1.03 6.9  203 8/11/2013 4:00 AM 1.02 7.2 
165 8/1/2013 4:00 PM 1.04 6.9  204 8/11/2013 10:00 AM 1.02 7.2 
166 8/1/2013 10:00 PM 1.04 7.0  205 8/11/2013 4:00 PM 1.02 7.2 
167 8/2/2013 4:00 AM 1.04 7.0  206 8/11/2013 10:00 PM 1.02 7.2 
168 8/2/2013 10:00 AM 1.04 7.0  207 8/12/2013 4:00 AM 1.01 7.2 
169 8/2/2013 4:00 PM 1.04 7.0  208 8/12/2013 10:00 AM 1.01 7.2 
170 8/2/2013 10:00 PM 1.04 7.0  209 8/12/2013 4:00 PM 1.01 7.3 
171 8/3/2013 4:00 AM 1.03 7.0  210 8/12/2013 10:00 PM 1.01 7.3 
172 8/3/2013 10:00 AM 1.03 7.0  211 8/13/2013 4:00 AM 1.01 7.3 
173 8/3/2013 4:00 PM 1.03 7.0  212 8/13/2013 10:00 AM 1.01 7.3 
174 8/3/2013 10:00 PM 1.03 7.0  213 8/13/2013 4:00 PM 1.01 7.3 
175 8/4/2013 4:00 AM 1.03 7.0  214 8/13/2013 10:00 PM 1.01 7.3 
176 8/4/2013 10:00 AM 1.03 7.0  215 8/14/2013 4:00 AM 1.01 7.3 
177 8/4/2013 4:00 PM 1.03 7.0  216 8/14/2013 10:00 AM 1.01 7.3 
178 8/4/2013 10:00 PM 1.03 7.0  217 8/14/2013 4:00 PM 1.01 7.3 
179 8/5/2013 4:00 AM 1.03 7.1  218 8/14/2013 10:00 PM 1.02 7.3 
180 8/5/2013 10:00 AM 1.03 7.1  219 8/15/2013 4:00 AM 1.01 7.3 
181 8/5/2013 4:00 PM 1.03 7.1  220 8/15/2013 10:00 AM 1.01 7.3 
182 8/5/2013 10:00 PM 1.03 7.1  221 8/15/2013 4:00 PM 1.01 7.3 
183 8/6/2013 4:00 AM 1.03 7.1  222 8/15/2013 10:00 PM 1.01 7.3 
184 8/6/2013 10:00 AM 1.03 7.1  223 8/16/2013 4:00 AM 1.00 7.3 
185 8/6/2013 4:00 PM 1.03 7.1  224 8/16/2013 10:00 AM 1.01 7.3 
186 8/6/2013 10:00 PM 1.03 7.1  225 8/16/2013 4:00 PM 1.00 7.3 
187 8/7/2013 4:00 AM 1.02 7.1  226 8/16/2013 10:00 PM 1.01 7.4 
188 8/7/2013 10:00 AM 1.02 7.1  227 8/17/2013 4:00 AM 1.01 7.4 
189 8/7/2013 4:00 PM 1.03 7.1  228 8/17/2013 10:00 AM 1.01 7.4 
190 8/7/2013 10:00 PM 1.02 7.1  229 8/17/2013 4:00 PM 1.01 7.4 
191 8/8/2013 4:00 AM 1.02 7.1  230 8/17/2013 10:00 PM 1.01 7.4 
192 8/8/2013 10:00 AM 1.02 7.1  231 8/18/2013 4:00 AM 1.00 7.3 
193 8/8/2013 4:00 PM 1.02 7.1  232 8/18/2013 10:00 AM 1.00 7.4 
194 8/8/2013 10:00 PM 1.02 7.2  233 8/18/2013 4:00 PM 1.00 7.4 
195 8/9/2013 4:00 AM 1.02 7.2  234 8/18/2013 10:00 PM 1.00 7.4 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
 224 
 
 
 Table B2 (Continued) 
# Date Time WL T  # Date Time WL T 
235 8/19/2013 4:00 AM 1.01 7.4  274 8/28/2013 10:00 PM 0.99 7.6 
236 8/19/2013 10:00 AM 1.00 7.4  275 8/29/2013 4:00 AM 0.98 7.6 
237 8/19/2013 4:00 PM 1.00 7.4  276 8/29/2013 10:00 AM 0.98 7.6 
238 8/19/2013 10:00 PM 1.00 7.4  277 8/29/2013 4:00 PM 0.98 7.6 
239 8/20/2013 4:00 AM 1.00 7.4  278 8/29/2013 10:00 PM 0.98 7.7 
240 8/20/2013 10:00 AM 0.99 7.4  279 8/30/2013 4:00 AM 0.99 7.7 
241 8/20/2013 4:00 PM 1.00 7.4  280 8/30/2013 10:00 AM 0.99 7.7 
242 8/20/2013 10:00 PM 1.00 7.4  281 8/30/2013 4:00 PM 0.99 7.7 
243 8/21/2013 4:00 AM 0.99 7.5  282 8/30/2013 10:00 PM 0.99 7.7 
244 8/21/2013 10:00 AM 1.00 7.5  283 8/31/2013 4:00 AM 0.99 7.7 
245 8/21/2013 4:00 PM 1.00 7.5  284 8/31/2013 10:00 AM 0.98 7.7 
246 8/21/2013 10:00 PM 1.01 7.5  285 8/31/2013 4:00 PM 0.99 7.7 
247 8/22/2013 4:00 AM 1.00 7.5  286 8/31/2013 10:00 PM 0.99 7.7 
248 8/22/2013 10:00 AM 1.00 7.5  287 9/1/2013 4:00 AM 0.98 7.7 
249 8/22/2013 4:00 PM 1.00 7.5  288 9/1/2013 10:00 AM 0.99 7.7 
250 8/22/2013 10:00 PM 1.00 7.5  289 9/1/2013 4:00 PM 0.99 7.7 
251 8/23/2013 4:00 AM 0.99 7.5  290 9/1/2013 10:00 PM 0.99 7.7 
252 8/23/2013 10:00 AM 0.99 7.5  291 9/2/2013 4:00 AM 0.98 7.7 
253 8/23/2013 4:00 PM 1.00 7.5  292 9/2/2013 10:00 AM 0.98 7.7 
254 8/23/2013 10:00 PM 1.00 7.5  293 9/2/2013 4:00 PM 0.98 7.7 
255 8/24/2013 4:00 AM 0.99 7.5  294 9/2/2013 10:00 PM 0.98 7.7 
256 8/24/2013 10:00 AM 1.00 7.5  295 9/3/2013 4:00 AM 0.97 7.8 
257 8/24/2013 4:00 PM 1.00 7.5  296 9/3/2013 10:00 AM 0.97 7.8 
258 8/24/2013 10:00 PM 1.00 7.5  297 9/3/2013 4:00 PM 0.98 7.8 
259 8/25/2013 4:00 AM 0.99 7.5  298 9/3/2013 10:00 PM 0.98 7.8 
260 8/25/2013 10:00 AM 0.99 7.6  299 9/4/2013 4:00 AM 0.98 7.8 
261 8/25/2013 4:00 PM 0.99 7.6  300 9/4/2013 10:00 AM 0.99 7.8 
262 8/25/2013 10:00 PM 0.99 7.6  301 9/4/2013 4:00 PM 0.99 7.8 
263 8/26/2013 4:00 AM 0.99 7.6  302 9/4/2013 10:00 PM 0.99 7.8 
264 8/26/2013 10:00 AM 0.99 7.6  303 9/5/2013 4:00 AM 0.99 7.8 
265 8/26/2013 4:00 PM 0.99 7.6  304 9/5/2013 10:00 AM 0.98 7.8 
266 8/26/2013 10:00 PM 0.99 7.6  305 9/5/2013 4:00 PM 0.98 7.8 
267 8/27/2013 4:00 AM 0.99 7.6  306 9/5/2013 10:00 PM 0.98 7.8 
268 8/27/2013 10:00 AM 0.99 7.6  307 9/6/2013 4:00 AM 0.97 7.8 
269 8/27/2013 4:00 PM 0.99 7.6  308 9/6/2013 10:00 AM 0.97 7.8 
270 8/27/2013 10:00 PM 1.00 7.6  309 9/6/2013 4:00 PM 0.98 7.8 
271 8/28/2013 4:00 AM 0.99 7.6  310 9/6/2013 10:00 PM 0.97 7.8 
272 8/28/2013 10:00 AM 0.99 7.6  311 9/7/2013 4:00 AM 0.97 7.9 
273 8/28/2013 4:00 PM 0.99 7.6  312 9/7/2013 10:00 AM 0.98 7.9 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B2 (Continued) 
# Date Time WL T  # Date Time WL T 
313 9/7/2013 4:00 PM 0.98 7.9  352 9/17/2013 10:00 AM 0.97 8.1 
314 9/7/2013 10:00 PM 0.98 7.9  353 9/17/2013 4:00 PM 0.97 8.1 
315 9/8/2013 4:00 AM 0.97 7.9  354 9/17/2013 10:00 PM 0.96 8.1 
316 9/8/2013 10:00 AM 0.98 7.9  355 9/18/2013 4:00 AM 0.97 8.1 
317 9/8/2013 4:00 PM 0.98 7.9  356 9/18/2013 10:00 AM 0.97 8.1 
318 9/8/2013 10:00 PM 0.98 7.9  357 9/18/2013 4:00 PM 0.97 8.1 
319 9/9/2013 4:00 AM 0.98 7.9  358 9/18/2013 10:00 PM 0.97 8.1 
320 9/9/2013 10:00 AM 0.98 7.9  359 9/19/2013 4:00 AM 0.96 8.1 
321 9/9/2013 4:00 PM 0.98 7.9  360 9/19/2013 10:00 AM 0.97 8.1 
322 9/9/2013 10:00 PM 0.98 7.9  361 9/19/2013 4:00 PM 0.97 8.1 
323 9/10/2013 4:00 AM 0.98 7.9  362 9/19/2013 10:00 PM 0.98 8.1 
324 9/10/2013 10:00 AM 0.98 7.9  363 9/20/2013 4:00 AM 0.98 8.1 
325 9/10/2013 4:00 PM 0.98 7.9  364 9/20/2013 10:00 AM 0.98 8.2 
326 9/10/2013 10:00 PM 0.98 7.9  365 9/20/2013 4:00 PM 0.98 8.2 
327 9/11/2013 4:00 AM 0.97 7.9  366 9/20/2013 10:00 PM 0.99 8.2 
328 9/11/2013 10:00 AM 0.97 8.0  367 9/21/2013 4:00 AM 0.98 8.2 
329 9/11/2013 4:00 PM 0.97 8.0  368 9/21/2013 10:00 AM 0.99 8.2 
330 9/11/2013 10:00 PM 0.97 8.0  369 9/21/2013 4:00 PM 0.99 8.2 
331 9/12/2013 4:00 AM 0.97 8.0  370 9/21/2013 10:00 PM 0.98 8.2 
332 9/12/2013 10:00 AM 0.97 8.0  371 9/22/2013 4:00 AM 0.98 8.2 
333 9/12/2013 4:00 PM 0.98 8.0  372 9/22/2013 10:00 AM 0.98 8.2 
334 9/12/2013 10:00 PM 0.98 8.0  373 9/22/2013 4:00 PM 0.99 8.2 
335 9/13/2013 4:00 AM 0.97 8.0  374 9/22/2013 10:00 PM 0.99 8.2 
336 9/13/2013 10:00 AM 0.98 8.0  375 9/23/2013 4:00 AM 0.98 8.2 
337 9/13/2013 4:00 PM 0.98 8.0  376 9/23/2013 10:00 AM 0.91 8.2 
338 9/13/2013 10:00 PM 0.98 8.0  377 9/23/2013 4:00 PM 0.98 8.2 
339 9/14/2013 4:00 AM 0.97 8.0  378 9/23/2013 10:00 PM 0.98 8.2 
340 9/14/2013 10:00 AM 0.97 8.0  379 9/24/2013 4:00 AM 0.97 8.2 
341 9/14/2013 4:00 PM 0.97 8.0  380 9/24/2013 10:00 AM 0.98 8.2 
342 9/14/2013 10:00 PM 0.97 8.0  381 9/24/2013 4:00 PM 0.97 8.2 
343 9/15/2013 4:00 AM 0.96 8.0  382 9/24/2013 10:00 PM 0.97 8.2 
344 9/15/2013 10:00 AM 0.97 8.0  383 9/25/2013 4:00 AM 0.98 8.3 
345 9/15/2013 4:00 PM 0.97 8.1  384 9/25/2013 10:00 AM 0.98 8.3 
346 9/15/2013 10:00 PM 0.96 8.1  385 9/25/2013 4:00 PM 0.98 8.3 
347 9/16/2013 4:00 AM 0.97 8.1  386 9/25/2013 10:00 PM 0.98 8.3 
348 9/16/2013 10:00 AM 0.97 8.1  387 9/26/2013 4:00 AM 0.98 8.3 
349 9/16/2013 4:00 PM 0.97 8.1  388 9/26/2013 10:00 AM 0.98 8.3 
350 9/16/2013 10:00 PM 0.97 8.1  389 9/26/2013 4:00 PM 0.99 8.3 
351 9/17/2013 4:00 AM 0.97 8.1  390 9/26/2013 10:00 PM 0.99 8.3 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B2 (Continued) 
# Date Time WL T 
391 9/27/2013 4:00 AM 0.98 8.3 
392 9/27/2013 10:00 AM 0.98 8.3 
393 9/27/2013 4:00 PM 0.98 8.3 
394 9/27/2013 10:00 PM 0.98 8.3 
395 9/28/2013 4:00 AM 0.99 8.3 
396 9/28/2013 10:00 AM 1.00 8.3 
397 9/28/2013 4:00 PM 1.00 8.3 
398 9/28/2013 10:00 PM 1.00 8.3 
399 9/29/2013 4:00 AM 1.00 8.3 
400 9/29/2013 10:00 AM 1.00 8.3 
401 9/29/2013 4:00 PM 0.99 8.3 
402 9/29/2013 10:00 PM 0.99 8.3 
403 9/30/2013 4:00 AM 0.99 8.3 
404 9/30/2013 10:00 AM 1.00 8.3 
405 9/30/2013 4:00 PM 1.00 8.3 
406 9/30/2013 10:00 PM 0.99 8.3 
407 10/1/2013 4:00 AM 0.99 8.4 
408 10/1/2013 10:00 AM 0.99 8.4 
409 10/1/2013 4:00 PM 1.01 8.4 
410 10/1/2013 10:00 PM 1.01 8.4 
411 10/2/2013 4:00 AM 1.02 8.4 
412 10/2/2013 10:00 AM 1.01 8.4 
413 10/2/2013 4:00 PM 1.01 8.4 
414 10/2/2013 10:00 PM 1.00 8.4 
415 10/3/2013 4:00 AM 1.00 8.4 
416 10/3/2013 10:00 AM 1.00 8.4 
417 10/3/2013 4:00 PM 1.00 8.4 
418 10/3/2013 10:00 PM 0.99 8.4 
419 10/4/2013 4:00 AM 0.99 8.4 
420 10/4/2013 10:00 AM 1.00 8.4 
421 10/4/2013 4:00 PM 0.99 8.4 
422 10/4/2013 10:00 PM 1.00 8.4 
423 10/5/2013 4:00 AM 1.00 8.4 
424 10/5/2013 10:00 AM 1.00 8.4 
425 10/5/2013 4:00 PM 1.00 8.4 
426 10/5/2013 10:00 PM 1.00 8.4 
427 10/6/2013 4:00 AM 1.00 8.4 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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 Table B3: Water table elevation and groundwater temp of well NWW (7/1 to 10/16/13) 
# Date Time WL T  # Date Time WL T 
1 6/21/2013 10:00 PM 0.27 5.7  40 7/1/2013 4:00 PM 0.24 7.4 
2 6/22/2013 4:00 AM 0.27 5.7  41 7/1/2013 10:00 PM 0.24 7.4 
3 6/22/2013 10:00 AM 0.27 5.8  42 7/2/2013 4:00 AM 0.24 7.4 
4 6/22/2013 4:00 PM 0.26 5.8  43 7/2/2013 10:00 AM 0.24 7.5 
5 6/22/2013 10:00 PM 0.26 5.8  44 7/2/2013 4:00 PM 0.22 7.5 
6 6/23/2013 4:00 AM 0.27 5.8  45 7/2/2013 10:00 PM 0.22 7.5 
7 6/23/2013 10:00 AM 0.27 5.9  46 7/3/2013 4:00 AM 0.23 7.5 
8 6/23/2013 4:00 PM 0.32 6.0  47 7/3/2013 10:00 AM 0.23 7.5 
9 6/23/2013 10:00 PM 0.31 6.0  48 7/3/2013 4:00 PM 0.21 7.6 
10 6/24/2013 4:00 AM 0.31 6.0  49 7/3/2013 10:00 PM 0.21 7.6 
11 6/24/2013 10:00 AM 0.31 6.1  50 7/4/2013 4:00 AM 0.22 7.6 
12 6/24/2013 4:00 PM 0.29 6.2  51 7/4/2013 10:00 AM 0.21 7.6 
13 6/24/2013 10:00 PM 0.29 6.2  52 7/4/2013 4:00 PM 0.20 7.6 
14 6/25/2013 4:00 AM 0.29 6.2  53 7/4/2013 10:00 PM 0.19 7.6 
15 6/25/2013 10:00 AM 0.29 6.3  54 7/5/2013 4:00 AM 0.20 7.7 
16 6/25/2013 4:00 PM 0.27 6.3  55 7/5/2013 10:00 AM 0.20 7.7 
17 6/25/2013 10:00 PM 0.27 6.3  56 7/5/2013 4:00 PM 0.18 7.7 
18 6/26/2013 4:00 AM 0.34 6.4  57 7/5/2013 10:00 PM 0.18 7.7 
19 6/26/2013 10:00 AM 0.33 6.4  58 7/6/2013 4:00 AM 0.19 7.7 
20 6/26/2013 4:00 PM 0.32 6.7  59 7/6/2013 10:00 AM 0.20 7.8 
21 6/26/2013 10:00 PM 0.32 6.6  60 7/6/2013 4:00 PM 0.18 7.8 
22 6/27/2013 4:00 AM 0.32 6.7  61 7/6/2013 10:00 PM 0.19 7.8 
23 6/27/2013 10:00 AM 0.31 6.7  62 7/7/2013 4:00 AM 0.20 7.8 
24 6/27/2013 4:00 PM 0.30 6.8  63 7/7/2013 10:00 AM 0.20 7.9 
25 6/27/2013 10:00 PM 0.30 6.8  64 7/7/2013 4:00 PM 0.17 7.9 
26 6/28/2013 4:00 AM 0.30 6.9  65 7/7/2013 10:00 PM 0.17 7.9 
27 6/28/2013 10:00 AM 0.30 6.9  66 7/8/2013 4:00 AM 0.18 7.9 
28 6/28/2013 4:00 PM 0.29 7.0  67 7/8/2013 10:00 AM 0.18 8.0 
29 6/28/2013 10:00 PM 0.29 7.0  68 7/8/2013 4:00 PM 0.16 8.0 
30 6/29/2013 4:00 AM 0.29 7.1  69 7/8/2013 10:00 PM 0.16 8.0 
31 6/29/2013 10:00 AM 0.29 7.1  70 7/9/2013 4:00 AM 0.17 8.1 
32 6/29/2013 4:00 PM 0.27 7.2  71 7/9/2013 10:00 AM 0.18 8.1 
33 6/29/2013 10:00 PM 0.27 7.2  72 7/9/2013 4:00 PM 0.16 8.2 
34 6/30/2013 4:00 AM 0.28 7.2  73 7/9/2013 10:00 PM 0.16 8.1 
35 6/30/2013 10:00 AM 0.27 7.3  74 7/10/2013 4:00 AM 0.17 8.1 
36 6/30/2013 4:00 PM 0.25 7.3  75 7/10/2013 10:00 AM 0.17 8.2 
37 6/30/2013 10:00 PM 0.25 7.3  76 7/10/2013 4:00 PM 0.15 8.2 
38 7/1/2013 4:00 AM 0.26 7.3  77 7/10/2013 10:00 PM 0.15 8.2 
39 7/1/2013 10:00 AM 0.26 7.4  78 7/10/2013 4:00 AM 0.16 8.2 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B3 (Continued) 
# Date Time WL T  # Date Time WL T 
79 7/11/2013 10:00 AM 0.16 8.3  118 7/21/2013 4:00 AM 0.10 9.2 
80 7/11/2013 4:00 PM 0.14 8.3  119 7/21/2013 10:00 AM 0.10 9.3 
81 7/11/2013 10:00 PM 0.13 8.3  120 7/21/2013 4:00 PM 0.09 9.3 
82 7/12/2013 4:00 AM 0.14 8.3  121 7/21/2013 10:00 PM 0.09 9.3 
83 7/12/2013 10:00 AM 0.14 8.4  122 7/22/2013 4:00 AM 0.11 9.3 
84 7/12/2013 4:00 PM 0.12 8.4  123 7/22/2013 10:00 AM 0.11 9.3 
85 7/12/2013 10:00 PM 0.13 8.4  124 7/22/2013 4:00 PM 0.11 9.3 
86 7/13/2013 4:00 AM 0.14 8.4  125 7/22/2013 10:00 PM 0.11 9.3 
87 7/13/2013 10:00 AM 0.14 8.4  126 7/23/2013 4:00 AM 0.11 9.3 
88 7/13/2013 4:00 PM 0.12 8.5  127 7/23/2013 10:00 AM 0.12 9.3 
89 7/13/2013 10:00 PM 0.12 8.5  128 7/23/2013 4:00 PM 0.11 9.4 
90 7/14/2013 4:00 AM 0.13 8.5  129 7/23/2013 10:00 PM 0.11 9.4 
91 7/14/2013 10:00 AM 0.14 8.5  130 7/24/2013 4:00 AM 0.11 9.4 
92 7/14/2013 4:00 PM 0.12 8.6  131 7/24/2013 10:00 AM 0.11 9.4 
93 7/14/2013 10:00 PM 0.12 8.5  132 7/24/2013 4:00 PM 0.10 9.4 
94 7/15/2013 4:00 AM 0.13 8.6  133 7/24/2013 10:00 PM 0.10 9.4 
95 7/15/2013 10:00 AM 0.13 8.6  134 7/25/2013 4:00 AM 0.11 9.4 
96 7/15/2013 4:00 PM 0.12 8.6  135 7/25/2013 10:00 AM 0.11 9.4 
97 7/15/2013 10:00 PM 0.12 8.6  136 7/25/2013 4:00 PM 0.10 9.4 
98 7/16/2013 4:00 AM 0.13 8.7  137 7/25/2013 10:00 PM 0.09 9.4 
99 7/16/2013 10:00 AM 0.13 8.7  138 7/26/2013 4:00 AM 0.10 9.4 
100 7/16/2013 4:00 PM 0.11 8.7  139 7/26/2013 10:00 AM 0.11 9.4 
101 7/16/2013 10:00 PM 0.11 8.7  140 7/26/2013 4:00 PM 0.11 9.4 
102 7/17/2013 4:00 AM 0.12 8.7  141 7/26/2013 10:00 PM 0.10 9.4 
103 7/17/2013 10:00 AM 0.12 8.8  142 7/27/2013 4:00 AM 0.11 9.4 
104 7/17/2013 4:00 PM 0.10 8.8  143 7/27/2013 10:00 AM 0.11 9.4 
105 7/17/2013 10:00 PM 0.10 8.8  144 7/27/2013 4:00 PM 0.10 9.4 
106 7/18/2013 4:00 AM 0.11 8.8  145 7/27/2013 10:00 PM 0.09 9.4 
107 7/18/2013 10:00 AM 0.12 8.9  146 7/28/2013 4:00 AM 0.10 9.4 
108 7/18/2013 4:00 PM 0.10 8.9  147 7/28/2013 10:00 AM 0.10 9.4 
109 7/18/2013 10:00 PM 0.10 8.9  148 7/28/2013 4:00 PM 0.09 9.4 
110 7/19/2013 4:00 AM 0.11 8.9  149 7/28/2013 10:00 PM 0.09 9.4 
111 7/19/2013 10:00 AM 0.11 9.0  150 7/29/2013 4:00 AM 0.10 9.3 
112 7/19/2013 4:00 PM 0.10 9.0  151 7/29/2013 10:00 AM 0.10 9.3 
113 7/19/2013 10:00 PM 0.09 9.1  152 7/29/2013 4:00 PM 0.08 9.4 
114 7/20/2013 4:00 AM 0.10 9.1  153 7/29/2013 10:00 PM 0.08 9.3 
115 7/20/2013 10:00 AM 0.10 9.2  154 7/30/2013 4:00 AM 0.10 9.3 
116 7/20/2013 4:00 PM 0.09 9.2  155 7/30/2013 10:00 AM 0.11 9.3 
117 7/20/2013 10:00 PM 0.09 9.2  156 7/30/2013 4:00 PM 0.11 9.3 
“WL” and “T” represent water level (m) and temperature (OC), respectively. 
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 Table B3 (Continued) 
# Date Time WL T  # Date Time WL T 
157 7/30/2013 10:00 PM 0.11 9.3  196 8/9/2013 4:00 PM 0.08 9.3 
158 7/31/2013 4:00 AM 0.11 9.3  197 8/9/2013 10:00 PM 0.08 9.3 
159 7/31/2013 10:00 AM 0.12 9.3  198 8/10/2013 4:00 AM 0.09 9.2 
160 7/31/2013 4:00 PM 0.11 9.3  199 8/10/2013 10:00 AM 0.09 9.3 
161 7/31/2013 10:00 PM 0.10 9.3  200 8/10/2013 4:00 PM 0.08 9.3 
162 8/1/2013 4:00 AM 0.11 9.3  201 8/10/2013 10:00 PM 0.08 9.2 
163 8/1/2013 10:00 AM 0.11 9.3  202 8/11/2013 4:00 AM 0.09 9.2 
164 8/1/2013 4:00 PM 0.10 9.3  203 8/11/2013 10:00 AM 0.09 9.2 
165 8/1/2013 10:00 PM 0.09 9.3  204 8/11/2013 4:00 PM 0.08 9.3 
166 8/2/2013 4:00 AM 0.10 9.3  205 8/11/2013 10:00 PM 0.08 9.2 
167 8/2/2013 10:00 AM 0.10 9.3  206 8/12/2013 4:00 AM 0.09 9.2 
168 8/2/2013 4:00 PM 0.09 9.3  207 8/12/2013 10:00 AM 0.09 9.2 
169 8/2/2013 10:00 PM 0.08 9.3  208 8/12/2013 4:00 PM 0.08 9.2 
170 8/3/2013 4:00 AM 0.09 9.3  209 8/12/2013 10:00 PM 0.08 9.2 
171 8/3/2013 10:00 AM 0.09 9.3  210 8/13/2013 4:00 AM 0.08 9.2 
172 8/3/2013 4:00 PM 0.08 9.3  211 8/13/2013 10:00 AM 0.08 9.2 
173 8/3/2013 10:00 PM 0.08 9.3  212 8/13/2013 4:00 PM 0.07 9.2 
174 8/4/2013 4:00 AM 0.09 9.3  213 8/13/2013 10:00 PM 0.07 9.2 
175 8/4/2013 10:00 AM 0.09 9.3  214 8/14/2013 4:00 AM 0.08 9.2 
176 8/4/2013 4:00 PM 0.08 9.3  215 8/14/2013 10:00 AM 0.08 9.2 
177 8/4/2013 10:00 PM 0.08 9.3  216 8/14/2013 4:00 PM 0.07 9.2 
178 8/5/2013 4:00 AM 0.09 9.3  217 8/14/2013 10:00 PM 0.07 9.2 
179 8/5/2013 10:00 AM 0.09 9.3  218 8/15/2013 4:00 AM 0.08 9.2 
180 8/5/2013 4:00 PM 0.09 9.3  219 8/15/2013 10:00 AM 0.08 9.2 
181 8/5/2013 10:00 PM 0.09 9.3  220 8/15/2013 4:00 PM 0.07 9.2 
182 8/6/2013 4:00 AM 0.10 9.3  221 8/15/2013 10:00 PM 0.07 9.2 
183 8/6/2013 10:00 AM 0.10 9.3  222 8/16/2013 4:00 AM 0.08 9.2 
184 8/6/2013 4:00 PM 0.10 9.3  223 8/16/2013 10:00 AM 0.08 9.2 
185 8/6/2013 10:00 PM 0.10 9.3  224 8/16/2013 4:00 PM 0.07 9.2 
186 8/7/2013 4:00 AM 0.10 9.3  225 8/16/2013 10:00 PM 0.07 9.2 
187 8/7/2013 10:00 AM 0.10 9.3  226 8/17/2013 4:00 AM 0.08 9.2 
188 8/7/2013 4:00 PM 0.09 9.3  227 8/17/2013 10:00 AM 0.08 9.2 
189 8/7/2013 10:00 PM 0.09 9.3  228 8/17/2013 4:00 PM 0.07 9.2 
190 8/8/2013 4:00 AM 0.10 9.3  229 8/17/2013 10:00 PM 0.07 9.2 
191 8/8/2013 10:00 AM 0.10 9.3  230 8/18/2013 4:00 AM 0.07 9.2 
192 8/8/2013 4:00 PM 0.09 9.3  231 8/18/2013 10:00 AM 0.07 9.2 
193 8/8/2013 10:00 PM 0.09 9.3  232 8/18/2013 4:00 PM 0.06 9.2 
194 8/9/2013 4:00 AM 0.09 9.3  233 8/18/2013 10:00 PM 0.06 9.2 
195 8/9/2013 10:00 AM 0.09 9.3  234 8/19/2013 4:00 AM 0.07 9.2 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B3 (Continued) 
# Date Time WL T  # Date Time WL T 
235 8/19/2013 10:00 AM 0.07 9.2  274 8/29/2013 4:00 AM 0.05 10.0 
236 8/19/2013 4:00 PM 0.06 9.3  275 8/29/2013 10:00 AM 0.06 10.0 
237 8/19/2013 10:00 PM 0.06 9.3  276 8/29/2013 4:00 PM 0.07 10.1 
238 8/20/2013 4:00 AM 0.07 9.3  277 8/29/2013 10:00 PM 0.07 10.1 
239 8/20/2013 10:00 AM 0.07 9.3  278 8/30/2013 4:00 AM 0.07 10.1 
240 8/20/2013 4:00 PM 0.06 9.4  279 8/30/2013 10:00 AM 0.07 10.1 
241 8/20/2013 10:00 PM 0.06 9.4  280 8/30/2013 4:00 PM 0.07 10.2 
242 8/21/2013 4:00 AM 0.06 9.4  281 8/30/2013 10:00 PM 0.07 10.2 
243 8/21/2013 10:00 AM 0.07 9.4  282 8/31/2013 4:00 AM 0.08 10.2 
244 8/21/2013 4:00 PM 0.06 9.5  283 8/31/2013 10:00 AM 0.08 10.2 
245 8/21/2013 10:00 PM 0.06 9.5  284 8/31/2013 4:00 PM 0.07 10.3 
246 8/22/2013 4:00 AM 0.06 9.5  285 8/31/2013 10:00 PM 0.07 10.3 
247 8/22/2013 10:00 AM 0.07 9.5  286 9/1/2013 4:00 AM 0.07 10.3 
248 8/22/2013 4:00 PM 0.06 9.6  287 9/1/2013 10:00 AM 0.07 10.3 
249 8/22/2013 10:00 PM 0.06 9.6  288 9/1/2013 4:00 PM 0.07 10.4 
250 8/23/2013 4:00 AM 0.06 9.6  289 9/1/2013 10:00 PM 0.07 10.4 
251 8/23/2013 10:00 AM 0.07 9.6  290 9/2/2013 4:00 AM 0.07 10.4 
252 8/23/2013 4:00 PM 0.06 9.7  291 9/2/2013 10:00 AM 0.07 10.4 
253 8/23/2013 10:00 PM 0.06 9.7  292 9/2/2013 4:00 PM 0.07 10.5 
254 8/24/2013 4:00 AM 0.06 9.7  293 9/2/2013 10:00 PM 0.07 10.4 
255 8/24/2013 10:00 AM 0.06 9.7  294 9/3/2013 4:00 AM 0.07 10.4 
256 8/24/2013 4:00 PM 0.05 9.7  295 9/3/2013 10:00 AM 0.07 10.5 
257 8/24/2013 10:00 PM 0.05 9.7  296 9/3/2013 4:00 PM 0.06 10.5 
258 8/25/2013 4:00 AM 0.05 9.7  297 9/3/2013 10:00 PM 0.06 10.5 
259 8/25/2013 10:00 AM 0.06 9.7  298 9/4/2013 4:00 AM 0.06 10.5 
260 8/25/2013 4:00 PM 0.05 9.7  299 9/4/2013 10:00 AM 0.06 10.5 
261 8/25/2013 10:00 PM 0.05 9.7  300 9/4/2013 4:00 PM 0.06 10.5 
262 8/26/2013 4:00 AM 0.06 9.7  301 9/4/2013 10:00 PM 0.06 10.4 
263 8/26/2013 10:00 AM 0.06 9.8  302 9/5/2013 4:00 AM 0.06 10.4 
264 8/26/2013 4:00 PM 0.05 9.8  303 9/5/2013 10:00 AM 0.06 10.4 
265 8/26/2013 10:00 PM 0.06 9.8  304 9/5/2013 4:00 PM 0.05 10.4 
266 8/27/2013 4:00 AM 0.06 9.8  305 9/5/2013 10:00 PM 0.05 10.4 
267 8/27/2013 10:00 AM 0.06 9.8  306 9/6/2013 4:00 AM 0.06 10.4 
268 8/27/2013 4:00 PM 0.05 9.9  307 9/6/2013 10:00 AM 0.06 10.4 
269 8/27/2013 10:00 PM 0.05 9.9  308 9/6/2013 4:00 PM 0.05 10.4 
270 8/28/2013 4:00 AM 0.06 9.9  309 9/6/2013 10:00 PM 0.05 10.4 
271 8/28/2013 10:00 AM 0.06 9.9  310 9/7/2013 4:00 AM 0.05 10.4 
272 8/28/2013 4:00 PM 0.05 10.0  311 9/7/2013 10:00 AM 0.06 10.4 
273 8/28/2013 10:00 PM 0.05 10.0  312 9/7/2013 4:00 PM 0.05 10.4 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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 Table B3 (Continued) 
# Date Time WL T  # Date Time WL T 
313 9/7/2013 10:00 PM 0.05 10.4  352 9/17/2013 4:00 PM 0.07 10.4 
314 9/8/2013 4:00 AM 0.05 10.4  353 9/17/2013 10:00 PM 0.07 10.4 
315 9/8/2013 10:00 AM 0.05 10.4  354 9/18/2013 4:00 AM 0.07 10.4 
316 9/8/2013 4:00 PM 0.06 10.4  355 9/18/2013 10:00 AM 0.08 10.4 
317 9/8/2013 10:00 PM 0.06 10.4  356 9/18/2013 4:00 PM 0.07 10.4 
318 9/9/2013 4:00 AM 0.07 10.4  357 9/18/2013 10:00 PM 0.07 10.4 
319 9/9/2013 10:00 AM 0.07 10.4  358 9/19/2013 4:00 AM 0.07 10.3 
320 9/9/2013 4:00 PM 0.08 10.4  359 9/19/2013 10:00 AM 0.08 10.3 
321 9/9/2013 10:00 PM 0.08 10.4  360 9/19/2013 4:00 PM 0.07 10.3 
322 9/10/2013 4:00 AM 0.08 10.4  361 9/19/2013 10:00 PM 0.07 10.3 
323 9/10/2013 10:00 AM 0.08 10.4  362 9/20/2013 4:00 AM 0.07 10.3 
324 9/10/2013 4:00 PM 0.08 10.5  363 9/20/2013 10:00 AM 0.07 10.3 
325 9/10/2013 10:00 PM 0.08 10.5  364 9/20/2013 4:00 PM 0.08 10.3 
326 9/11/2013 4:00 AM 0.08 10.5  365 9/20/2013 10:00 PM 0.08 10.3 
327 9/11/2013 10:00 AM 0.08 10.5  366 9/21/2013 4:00 AM 0.08 10.3 
328 9/11/2013 4:00 PM 0.08 10.5  367 9/21/2013 10:00 AM 0.08 10.3 
329 9/11/2013 10:00 PM 0.07 10.5  368 9/21/2013 4:00 PM 0.07 10.3 
330 9/12/2013 4:00 AM 0.08 10.5  369 9/21/2013 10:00 PM 0.07 10.3 
331 9/12/2013 10:00 AM 0.08 10.5  370 9/22/2013 4:00 AM 0.08 10.3 
332 9/12/2013 4:00 PM 0.07 10.6  371 9/22/2013 10:00 AM 0.08 10.3 
333 9/12/2013 10:00 PM 0.07 10.5  372 9/22/2013 4:00 PM 0.07 10.3 
334 9/13/2013 4:00 AM 0.08 10.5  373 9/22/2013 10:00 PM 0.07 10.3 
335 9/13/2013 10:00 AM 0.08 10.5  374 9/23/2013 4:00 AM 0.07 10.3 
336 9/13/2013 4:00 PM 0.07 10.6  375 9/23/2013 10:00 AM 0.07 10.3 
337 9/13/2013 10:00 PM 0.07 10.6  376 9/23/2013 4:00 PM 0.06 10.3 
338 9/14/2013 4:00 AM 0.07 10.5  377 9/23/2013 10:00 PM 0.05 10.2 
339 9/14/2013 10:00 AM 0.07 10.5  378 9/24/2013 4:00 AM 0.05 10.2 
340 9/14/2013 4:00 PM 0.07 10.5  379 9/24/2013 10:00 AM 0.06 10.2 
341 9/14/2013 10:00 PM 0.07 10.5  380 9/24/2013 4:00 PM 0.05 10.2 
342 9/15/2013 4:00 AM 0.07 10.5  381 9/24/2013 10:00 PM 0.05 10.2 
343 9/15/2013 10:00 AM 0.07 10.5  382 9/25/2013 4:00 AM 0.06 10.2 
344 9/15/2013 4:00 PM 0.07 10.5  383 9/25/2013 10:00 AM 0.06 10.2 
345 9/15/2013 10:00 PM 0.07 10.5  384 9/25/2013 4:00 PM 0.05 10.2 
346 9/16/2013 4:00 AM 0.07 10.5  385 9/25/2013 10:00 PM 0.05 10.2 
347 9/16/2013 10:00 AM 0.07 10.5  386 9/26/2013 4:00 AM 0.06 10.2 
348 9/16/2013 4:00 PM 0.07 10.5  387 9/26/2013 10:00 AM 0.06 10.2 
349 9/16/2013 10:00 PM 0.07 10.5  388 9/26/2013 4:00 PM 0.05 10.2 
350 9/17/2013 4:00 AM 0.07 10.4  389 9/26/2013 10:00 PM 0.05 10.2 
351 9/17/2013 10:00 AM 0.07 10.4  390 9/27/2013 4:00 AM 0.05 10.2 
 “WL” and “T” represent water level (m) and temperature (OC), respectively. 
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Table B3 (Continued) 
# Date Time WL T  # Date Time WL T 
391 9/27/2013 10:00 AM 0.06 10.2  430 10/7/2013 4:00 AM 0.18 9.9 
392 9/27/2013 4:00 PM 0.06 10.2  431 10/7/2013 10:00 AM 0.18 9.9 
393 9/27/2013 10:00 PM 0.06 10.2  432 10/7/2013 4:00 PM 0.17 9.9 
394 9/28/2013 4:00 AM 0.07 10.2  433 10/7/2013 10:00 PM 0.17 9.8 
395 9/28/2013 10:00 AM 0.09 10.2  434 10/8/2013 4:00 AM 0.17 9.8 
396 9/28/2013 4:00 PM 0.12 10.2  435 10/8/2013 10:00 AM 0.17 9.8 
397 9/28/2013 10:00 PM 0.13 10.2  436 10/8/2013 4:00 PM 0.16 9.8 
398 9/29/2013 4:00 AM 0.13 10.2  437 10/8/2013 10:00 PM 0.16 9.7 
399 9/29/2013 10:00 AM 0.13 10.2  438 10/9/2013 4:00 AM 0.16 9.7 
400 9/29/2013 4:00 PM 0.12 10.2  439 10/9/2013 10:00 AM 0.16 9.7 
401 9/29/2013 10:00 PM 0.12 10.2  440 10/9/2013 4:00 PM 0.15 9.7 
402 9/30/2013 4:00 AM 0.12 10.2  441 10/9/2013 10:00 PM 0.15 9.7 
403 9/30/2013 10:00 AM 0.11 10.2  442 10/10/2013 4:00 AM 0.15 9.7 
404 9/30/2013 4:00 PM 0.10 10.2  443 10/10/2013 10:00 AM 0.16 9.6 
405 9/30/2013 10:00 PM 0.11 10.2  444 10/10/2013 4:00 PM 0.14 9.6 
406 10/1/2013 4:00 AM 0.11 10.2  445 10/10/2013 10:00 PM 0.15 9.6 
407 10/1/2013 10:00 AM 0.10 10.2  446 10/11/2013 4:00 AM 0.15 9.6 
408 10/1/2013 4:00 PM 0.10 10.2  447 10/11/2013 10:00 AM 0.15 9.6 
409 10/1/2013 10:00 PM 0.10 10.2  448 10/11/2013 4:00 PM 0.15 9.6 
410 10/2/2013 4:00 AM 0.10 10.2  449 10/11/2013 10:00 PM 0.16 9.6 
411 10/2/2013 10:00 AM 0.10 10.2  450 10/12/2013 4:00 AM 0.17 9.5 
412 10/2/2013 4:00 PM 0.10 10.2  451 10/12/2013 10:00 AM 0.17 9.5 
413 10/2/2013 10:00 PM 0.11 10.1  452 10/12/2013 4:00 PM 0.20 9.5 
414 10/3/2013 4:00 AM 0.11 10.1  453 10/12/2013 10:00 PM 0.20 9.5 
415 10/3/2013 10:00 AM 0.11 10.1  454 10/13/2013 4:00 AM 0.20 9.5 
416 10/3/2013 4:00 PM 0.11 10.1  455 10/13/2013 10:00 AM 0.19 9.5 
417 10/3/2013 10:00 PM 0.11 10.1  456 10/13/2013 4:00 PM 0.18 9.6 
418 10/4/2013 4:00 AM 0.11 10.1  457 10/13/2013 10:00 PM 0.18 9.6 
419 10/4/2013 10:00 AM 0.11 10.1  458 10/14/2013 4:00 AM 0.18 9.6 
420 10/4/2013 4:00 PM 0.11 10.1  459 10/14/2013 10:00 AM 0.19 9.5 
421 10/4/2013 10:00 PM 0.11 10.1  460 10/14/2013 4:00 PM 0.19 9.5 
422 10/5/2013 4:00 AM 0.15 10.1  461 10/14/2013 10:00 PM 0.26 9.5 
423 10/5/2013 10:00 AM 0.20 10.0  462 10/15/2013 4:00 AM 0.27 9.5 
424 10/5/2013 4:00 PM 0.21 10.0  463 10/15/2013 10:00 AM 0.26 9.5 
425 10/5/2013 10:00 PM 0.20 10.0  464 10/15/2013 4:00 PM 0.26 9.5 
426 10/6/2013 4:00 AM 0.20 10.0  465 10/15/2013 10:00 PM 0.25 9.5 
427 10/6/2013 10:00 AM 0.20 10.0  466 10/16/2013 4:00 AM 0.25 9.5 
428 10/6/2013 4:00 PM 0.19 9.9  467 10/16/2013 10:00 AM 0.24 9.4 
429 10/6/2013 10:00 PM 0.18 9.9       
 “WL” and “T” represent water level (m) and temperature (OC), respectively.
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Figure B1: Nested well showing the three single-riser wells that were in close 
proximity to each other. The Figure is not to scale.
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APPENDIX C 
Soil Properties and Characteristics 
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 Table C2: Coefficient of uniformity and curvature for the soils (average composition) 
Soil Coefficient of Uniformity Coefficient of Curvature Sorting 
Sandberg 13.6 0.9 Well 
Radium 0.2 0.7 Poorly 
Strathcona 10.0 1.0 Well 
Syrene 8.0 1.4 Well 
Hedmen 0.1 1.0 Poorly 
 
 
 
 
 
 
 
 
 Table C3: Sorption characteristics of the various soils sampled 
Soil Series Linearized Langmuir Equation Slope Smax Y intercept K 
Hedman y = 0.0011x + 0.0355 0.0011 909 0.0355 0.030 
Radium y = 0.0016x + 0.0030 0.0016 625 0.0030 0.530 
Sandberg y = 0.0015x + 0.0085 0.0015 667 0.0085 0.180 
Strathcona y = 0.0009x + 0.0251 0.0009 1111 0.0251 0.040 
Syrene y = 0.0005x + 0.0007 0.0005 2000 0.0007 0.710 
Smax and K represent maximum sorption capacity and phosphorus affinity constant 
respectively. Smax and K are in mg kg-1 and L mg-1, respectively. 
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  Table C4: Local Moran's Index and Phosphorus Hotspot (HH) locations 
Horizon Site Index Z-score p-value 
A 
23 0.12 2.76 5.7E-03 
24 0.1 2.24 2.5E-02 
25 0.1 2.37 1.8E-02 
34 0.19 4.16 3.2E-05 
35 0.25 4.59 4.4E-06 
36 0.2 4.16 3.2E-05 
42 0.1 2.67 7.5E-03 
43 0.11 2.8 5.1E-03 
46 0.09 2.46 1.4E-02 
53 0.08 3.14 1.7E-03 
54 0.11 3.79 1.5E-04 
55 0.08 2.62 8.9E-03 
B 
14 0.08 3.07 2.2E-03 
15 0.07 2.24 2.5E-02 
52 0.11 4.42 9.7E-06 
53 0.18 6.85 7.6E-12 
54 0.18 6.21 5.3E-10 
55 0.15 4.69 2.8E-06 
 The italic figures are significant at p < 0.01. A represents O- and A-horizon  
 composite samples. 
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Figure C12: Stratigraphic column of monitoring well MW1 with description of the 
geologic units. Static water level was at 330.94 m above mean sea level (blue arrow). 
 
333.00 
332.00 
331.00 
330.00 
329.00 
328.00 
327.00 
Pale brown to pale yellow fine-grained sand  
Undrilled consolidated unit (probably till)  
 
Pinkish-white to Greenish-black sandy clay with gravel (15%)  
Very pale brown to pale yellow coarse-grained 
sand  
with gravel (25%) 
Brown fined-grained sand    
White to reddish yellow stained poorly sorted sand with gravel  
(25%) and clay 
Pale brown to pale yellow fine-grained sand with  
weathered clay  
 Pale brown to pale yellow fine-grained sand with reddish-
brown 
 stains  White to reddish yellow poorly sorted sand with gravel (25%)  
Black fine-grained sand with decomposed organic  
materials 
Light gray coarse-grained sand with gravel (15%)  
Gray coarse grained sand with organic materials  
 
Black organic rich soil  
Light gray fine-grained sand with some patches of black stains 
  Very dark gray fine-grained sand  
Pale yellow fine-grained sand with gravel (15%) 
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Figure C13: Stratigraphic column of monitoring well MW2 with description of the 
geologic units. Static water level was at 330.71 m above mean sea level (blue arrow). 
 
 
 
 
 
 
 
333.00 
332.00 
331.00 
330.00 
329.00 
Undrilled consolidated unit (probably till)  
 
Greenish-black sandy clay with gravel (15%)  
Dark gray fine-grained sand, which is pyritic 
Light gray to pale green medium-grained sand with  
gravel (10%)  
Very dark gray to greenish-gray fine-grained sand  
intercalated with gravels (20%) and clay. Smells 
likes  
rotten eggs 
Light gray to dark yellowish-brown poorly sorted  
sand with gravel (40%) 
Grayish-brown to light brown layered fine-grained sand  
Dark gray to grayish-brown fine to medium grained sand  
Dark gray to grayish-brown fine to medium-grained sand 
Black organic rich soil  
Grayish-brown to light brown layered fine-grained sand  
Dark gray medium-grained sand with gravel (15%) 
Light yellowish-brown 
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Figure C14: Stratigraphic column of monitoring well MW3 with description of the 
geologic units. Static water level was at 330.29 m above mean sea level (blue arrow). 
 
332.00 
331.00 
330.00 
329.00 
328.00 
327.00 
Very dark gray medium-grained sand (15%)  
Black organic rich soil 
Very dark gray poorly sorted sand and gravel (20%) 
Black fine-grained sand enriched with decayed organic material 
Brown poorly sorted clayey sand with gravels (20%) 
Very dark gray coarse grained sand with gravel (20%) 
 
Pale yellow fine-grained sand and gravel (40%) 
Undrilled consolidated unit (probably till)  
 
 Gray fine-grained sand with decomposed organic materials 
White to yellowish-brown poorly sand and gravel 
(25%) with weathered clay   
 Yellowish brown to dark brown  
fine-grained sand 
 Poorly sorted sand with some  
amount of gravels 
 Poorly sorted light gray to dark  
yellowish-brown sand and gravel (20%) 
fr 
 Yellowish brown to dark brown poorly-sorted 
 sand and gravel (20%) 
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Figure C15: Stratigraphic column of monitoring well MW4 with description of the 
geologic units. Static water level was at 330.36 m above mean sea level (blue arrow). 
333.00 
332.00 
331.00 
330.00 
329.00 
328.00 
327.00 
Light gray coarse-grained sand with gravel (10%)  
Black organic rich soil with dried plant fragment 
Undrilled consolidated unit (Till)  
Pinkish-white to Greenish-black sand  
with gravel (30%)  
Light yellowish-brown gravelly sand  
 
Light yellowish-brown gravelly sand  
 Well graded light yellow fine grained sand  
Pale Brown medium-grained sand   
Pinkish-white to Greenish-black clayey sand 
 with gravel (15%)  
  Pinkish-white to Greenish-black  
gravelly sand 
Black fined-grained sand layer 
with decomposed organic 
materials   
White to light yellowish-brown 
gravelly sand  
White to light yellowish-brown  
fined-grained sand   
Light yellowish-brown fine-grained sand  
Black fine-grained sand with plant fragments 
Black fine-grained sand with plant fragments 
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Figure C16: Stratigraphic column of monitoring well MW5 with description of the 
geologic units. Static water level was at 329.93 m above mean sea level (blue arrow). 
 
 
 
 
 
 
 
332.00 
331.00 
330.00 
329.00 
328.00 
Black organic rich soil  
Light gray fine-grained 
Gray fine-grained sand  
Undrilled consolidated unit (Till)  
White to reddish yellow stained poorly  
sorted sand with gravel (25%)  
Light gray fine-grained sand  
Well graded sand in between two dark fine-grained sandy layers  
Light gray coarse-grained sand with gravel (10%)  
Black to gray fine grained sand with organic materials  
 
Light gray medium-grained sand  
Black coarse-grained sand with  
gravel (15%)  
White to light yellowish-brown  
fined-grained sand   
 
Light gray coarse-grained sand with gravel (10%)  
Black fine-grained sand with plant materials 
Light gray medium-grained sand  
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Figure D1: Spatial distribution of Calcium in the plant tissues (dry weight). Concentration is in 
percentage with red and green representing high and low percentages, respectively). Data 
was interpolated using radial basis function. 
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Figure D2: Spatial distribution of magnesium in the plant tissues (dry weight). Concentration is 
in percentage with red and green representing high and low percentages, respectively). 
Data was interpolated using radial basis function. 
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Figure D3: Spatial distribution of iron in the plant tissues (dry weight). Concentration is in ppm 
with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D4: Spatial distribution of aluminum in the plant tissues (dry weight). Concentration is in 
ppm with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D5: Spatial distribution of zinc in the plant tissues (dry weight). Concentration is in ppm 
with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D6: Spatial distribution of boron in the plant tissues (dry weight). Concentration is in 
ppm with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D7: Spatial distribution of copper in the plant tissues (dry weight). Concentration is in 
ppm with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D8: Spatial distribution of sodium in the plant tissues (dry weight). Concentration is in 
ppm with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D9: Spatial distribution of manganese in the plant tissues (dry weight). Concentration is 
in ppm with red and green representing high and low concentrations, respectively. Data 
was interpolated using radial basis function. 
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Figure D10: Spatial distribution of total carbon in the plant tissues (dry weight). Concentration is 
in ppm with red and green representing high and low concentrations, respectively. Data 
was interpolated using radial basis function. 
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Figure D11: Spatial distribution of sulfur in the plant tissues (dry weight). Concentration is in 
ppm with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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Figure D12: Spatial distribution of potassium in the plant tissues (dry weight). Concentration is in 
ppm with red and green representing high and low concentrations, respectively. Data was 
interpolated using radial basis function. 
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1. Gbolo, P., Gerla, P.J., and Vandeberg, G.S., 2014. Using high-resolution, 
multispectral imagery to assese the effect of soil properties on vegetation 
reflectance at an abandoned feedlot. Geocarto International. DOI: 
10.1080/10106049.2014.985746 
 
Abstract 
Remotely sensed multispectral imagery, soils, and graminoid samples from an abandoned 
cattle feedlot and adjacent wetlands were used to characterize plant vigor and soil 
nutrient distribution, and evaluate the relationship between soil properties and vegetation 
reflectance. The feedlot lies on a sandy beach ridge, which likely mitigates the mobility 
of soil phosphorus. Soil phosphorus remains concentrated directly beneath the feedlot 
pens, where vegetation indices are low. In contrast, nitrate is transported through 
preferential pathways into the wetlands, where vegetation indices and plant vigor are 
high. Although spectral vegetation indices did not show any significant relationship with 
plant tissue nutrient concentration, the indices showed statistically significant 
relationships to some soil properties. Results of this study indicate that the abundance of 
nutrients in the soil does not necessarily enhance plant growth. This can limit the extent 
that remotely sensed vegetation indices can be used to evaluate soil nutrients 
concentrations. 
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2. Gbolo, P., and Gerla, P.J., 2014. Spatiotemporal distribution of soil nutrients 
within an abandoned cattle feedlot. Journal of Soils and Sediments [Internet]. 
Springer Science + Business Media; 2014 Sep 12; Available from: DOI: 
10.1007/s11368-014-0971-8 
  
Abstract 
Purpose 
Nutrients from cropland and feedlot operations can move through preferential pathways 
into wetlands, groundwater, and surface water, which can cause adverse health and 
ecological problems. It is hypothesized that nitrogen (N) can cause a short-term 
contamination of soils and groundwater beneath feedlots, but phosphorus (P) can cause 
both short- and long-term contamination in well-drained soils. This paper examines the 
spatial and temporal distribution of nutrients within an abandoned feedlot and adjacent 
wetlands. 
 
Materials and methods 
Fifteen O-horizon, sixty-three composite O- and A-horizon, and sixty-one B-horizon 
composite grab samples from five different soils within a northwest Minnesota (USA) 
feedlot and adjacent wetlands were collected and analyzed for P, nitrate (NO3 −), and 
ammonium (NH4 +). Groundwater data from a deep-monitoring well were used to 
examine the change in nutrient concentration through time. 
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Results and discussion 
Spatiotemporal distribution of nutrients indicated alignment of high concentration of P 
within the well-drained soil at the former feedlot pens and low concentration within the 
wetlands. By contrast, NO3 − showed high concentrations in the wetland compared with 
the pens. The well-drained soils indicated leaching of NO3 − in most of the area and 
sequestration of P. Groundwater data indicated a decline in NO3 − concentration through 
time. 
 
Conclusion 
Results of this study suggest that NO3 − poses short-term contamination of soil and 
groundwater in feedlots, but P poses both short- and long-term problems due to 
sequestration and immobilization, which may not impact soil-quality downgradient from 
the feedlot unless intense erosion and runoff occur. 
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3. Gbolo, P., Gerla, P., 2013. Statistical analysis to characterize transport of nutrients 
in groundwater near an abandoned feedlot, Hydrol. Earth Syst. Sci., 17, 4897-
4906. DOI:10.5194/hess-17-4897-2013 
 
Abstract 
Surface water from a lagoon and groundwater samples from 17 wells within and 
near an abandoned feedlot in northwestern Minnesota, USA, were analyzed for 
carbon, nutrients, and field parameters. The feedlot is surrounded by wetlands that 
act as receptors of nutrients from the feedlot. Q- and R-mode multivariate 
analyses performed on total carbon (TC), inorganic carbon (IC), total organic 
carbon (TOC), nitrite-nitrogen (NO2-N), nitrate-nitrogen (NO3-N), ammonium-
nitrogen (NH4-N), soluble or dissolved reactive phosphorus (DRP), and total 
phosphorus (TP) indicated three groups of the chemical species, which reflected 
variability in groundwater chemistry. Factor analysis indicated approximately 
82% of the variability in factor 1 was caused by TC, IC, TOC, and DRP, while in 
factor 2 approximately 79% of the variability was caused by NO2-N, NO3-N, and 
TP. In factor 3, only NH4-N contributed 31% of the variability. Groundwater 
isotope and spatial distribution analysis indicated reduced nitrate concentration 
from the source to the wetlands, with variation in NO2-N, NO3-N, and NH4-N 
concentrations attributed to the plant nutrient uptake, high rate of denitrification 
and/or the dissimilatory nitrate reduction to ammonium. This study indicated the 
value of multivariate analyses in characterizing variability in groundwater quality. 
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